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I. INTRODUCTION 
A number of organic reactions are known which proceed by 
nucleophilic substitution on the carbon atom. The net reaction 
can be represented by the general equation (1-1). 
y + RX ---YR+X (1-1) 
The nucleophilic reagent Y displaces the group X attached 
to R. T,ypical examples of nucleophilic substitutions that conform 
to the general equation (1-1) are the following: 
the Finkelstein reaction, 
Br- + RCl ---4-
the Menschutkin reaction, 
~ + R'I 
the Hoffman degradation, 
OH- + R'mt.; R'OH + NR3 
the hydrolysis and alcoholysis of alkyl halides, 
H20 + RX --- ROH + HX 
HOC2~ + RX --)~ ROC2~ + HX 
(1-2) 
(1-3) 
(1-4) 
(1-5) 
(1-6) 
and the substitution of alkyl halides by cyanide, ammonia, active 
hydrogen compounds like acetoacetic ester and malonic ester. 
In all the above reactions there is a substituting reagent Y 
and the compound RX containing the saturated carbon atom on which 
1 
substitution takes place. In the process of substitution one 
electron is transferred from Y to X throu&h R of RX. It is 
possible for both Y end RX to be iODic, eq. (1-4) or both nonionic, 
eq. (1-:3, 1-5) or only one of them to be iODic, eq. (1-2). 
Lol:lg before the electronic theory of valency was applied 
to organic reactions there were speculations as to the mechani8111 
of then substitution reactions. One of them1 inwlved the idea 
of the formation of an addition COIII]lOUr1d between Y end RX vi th 
subaequent decompos:i tion of the addition compound. Another view 
of the esme reaction represented b;y eq. (1-1) vas presented by 
LeBel2 who asiiUIDed that the replaceaent of X by Y consisted of 
two independent synchronous proces881S. A new interpretation of 
the latter mechani11111 was gl.ven by Levis' end London4 in electronic 
terms which as stated before is a transfer of one electron from 
the displacing group to the group displaced. 
The electron transfer can take place in one of two different 
1. E.Fiacher, Ann., .E. 12:3 (1911); A.Werner, Ber., ~ trr:3 
(1911h J.Xeisenheimer, Ann.,~ 126 (1912). 
2. J .A.LeBel, J. Ch11111. l'l'qa., .2, :32:3 (1911). 
:3. G.N.Lewis, Valence and the Structure of Atoms and Molecules, 
Ch8111ical Catalog Co., New Yo:rit, 192:3 p. 11:3. 
4. F.London, z. Electrochem., ~ 552 (1929). 
ways. Y can attack RX and transfer its electron partially to R 
of RX which in turn transfers it to X simultaneously. This causes 
the formation of RY and the displacement of X to happen at the same 
time. The other possibility is that RX may first dissociate to form 
x- and a carbonium ion R+. + R then accepts an electron from Y to 
form a covalent bond. 
Hughes and Ingold1 have made a detailed study of the mechanisms 
of nucleophilic substitutions and they have confirmed that both 
mechanisms are operative. In the first one, where nucleophilic attack 
on carbon and displacement of X are simultaneous, one molecule of 
each is involved in the reaction. This reaction is bimolecular and 
is usually referred to as the SN2 reaction. It has been proved that the 
attack by Y takes place on the side opposite to that of :?. The effect 
of this backside attack on an optically active compound is an inversion 
of configuration. 
Y + ax:r~ Y-R-X ;r:~YR +X (1-7) 
1. E.D.Hughes, C.K.Ingold and C.S.Patel, J. Chem. Soc., 526 (1933); 
E.D.Hughes and C.K.Ingold, Ibid., 1571 (1933); J.L.Gleave, E.D.Hughes 
and C.K.Ingold, Ibid., 235 (1935); E.D.Hughes and C.K.Ingold, Ibid., 
244 (1935); E.D.Hughes, Ibid., 255 (1935). 
2. E.D.Hughes, F.Juliusberger, S.Masterman, B.Topley and 
J.Weiss, J. Chem. Soc., 1525 (1935). 
In the predissociation mechanism it is assumed that dissociation 
is a slow step and the reaction of Y and the carbonium ion is very 
rapid. Such an assumption corresponds to an unimolecular reaction 
and several such instances are known in practice. 
~x Slow 1 lL - R+ .,-l + 1~ 
R+ + y- Fast) RY 
(1-8) 
(1-9) 
1 Bateman, Hughes and Ingold have shown that in liquid sulfur dioxide 
the initial rates of reaction between benzhydryl chloride and three 
different nucleophilic reagents - fluoride ion, pyridine and triethyl-
amine - are the same and the reactions are all first order. They 
have also shown that the hydrolysis of t-butyl bromide2 in 90% acetone 
proceeds through prior dissociation. Such nucleophilic substitution 
reactions have been called SNl reactions. 
The carbonium ion of an optically active compound undergoing 
SNl reaction ha.s a planar configuration and when the compound returns 
to the tetrahedral form after substitution, it has equal opportunity 
to form either a d- or a 1- configuration and hence an S~~ displacement 
tends to lead to racemization of the optically active compounds. 
1. L.C.Bateman, E.D.l!ughes and C.K.Ingold, J. Chem. Soc., 
1017 (1940). 
2. L.C.Bateman, E.D.!lughes and C.K.Ingold, Ibid., 960 (1940). 
Many nucleophilic displacements involve ionic nucleophiles. 
It has been observed that in some such reactions the rate constant of 
the reaction varies inversely with the concentration of the ionophore1• 
This effect is more pronounced in nonaqueous solvents of low dielectric 
constant. Qualitatively, this observation has been attributed to the 
difference in the degree of dissociation of the ionophore (nucleophile). 
It has not been demonstrated previously with certainty whether only 
the free ion acts as a nucleophile or both the anion and the associated 
pair act as nucleophiles. 
There is considerable doubt as to the way in which the reactivity 
of the ion is modified by its association with a counter ion. Tb 
resolve this problem, accurate measurements of the progress of the 
reaction as well as the concentrations of the ions and the ion pairs 
are necessary. Even though the solutions were rather concentrated, 
most of the earlier attempts to determine the influence of the 
counter ion on nucleophilic substitution took no account of the 
nonideality of the solution when estimating the concentrations 
of the ions and the associated pairs. Fbr that reason there has 
1. Fuoss defines ionophores as substances which are ionic 
even in the solid state. These are different from ionogens whose 
crystal lattice contain molecules but the interaction with the solvent 
generates ions. R.M.Fuoss, J. Chem. Ed., ~ 150 (1955). 
6 
been a need for more convincing facts to explain the influence of 
the counter ion on the reactivity of the ionic nucleophilic reagent 
in its associated form. 
The present investigation was undertaken to evaluate the way 
in which purely electrostatic association modifies nucleophilic 
activity of an anion. The relationship between ion pairs which are 
counted by conductivity measurements and ion pairs which are kinetically 
significant was scrutinized simultaneously. For this purpose the 
kinetics of exchange of p-nitrobenzyl bromide with radioactive bromide 
in liquid sulfur dioxide was investigated at 0°C. 
(1-10) 
Three different ionophores, potassium bromide, tetramethylammonium 
bromide and tetraethylammonium bromide were used as nucleophilic 
reagents. With tetra-n-propylammonium bromide and tetra-n-butyl-
ammonium bromide the separation of the ionic bromide from p-ni trobenzyl 
bromide was not sufficiently complete to permit following the extent 
of exchange and their use had to be given up. The very small solubility 
of lithium bromide limited the study of this reactant and only one 
kinetic run is reported. 
In the case of potassium bromide the exchange study was extended 
to other temperatures besides 0°C. i.e. to -10.2°C. and +10.75°C. 
Below -10.2°C. the rate of exchange was too slow relative to the half 
life for radioactive deca;v of' Br82 and above +10.75°C. the vapor pressure 
of' sulfur dioxide vas too high to conduct the 1'll!l8 safely in glass 
equipaent. Hence they were not attempted. 
The concentration of' the ionophore vas varied two hundred to 
five hundred fold. in the r&%188 f'l"'OI 5x10-2 to 1x1o-\t. To teet the 
order of' reaction in p-nitrobenzyl b1'011ide. its concentration was varied 
nine fold. 
The kinetic data could be beet expressed by two eimul taneous 
second order reactions. one between the nucleophilic ion and p-nitrobenzyl 
bromide and the other between the D11Cleoph1lic ion pair and p-ni trobenzyl 
bromide. 
(1-ll) 
The ld.nstio date did not correspond to an SNl type of' displacement 
(equation 1-12) 
(1-12) 
or to a simple SN2 type of' substitution (equation 1-1:5) 
(l-13) 
where (MBr)8 is the stoichiometric concentration of' MBr. 
A mixed SNl and SN2 type of' reaction (equation 1-14) vas also 
tried. It vas found that k:J_ vas negatiw and negligible. 
R
8 
• k:J_(RBr) + kf'(RBr)(Br-) + kp(RBr)(M+Bn 
The reeul te are shown in Table 1-I. 
(1-14) 
1'he specific rate constant for the free bromide ion is the -
within ex:periuntal errors irrespective of' the counter ion with which 
it vas i'ol'lll&rly associated. 1he ion pair reactivity is in the order 
TABLE 1-I 
Rate Constanta for the Emhazl&e Reactioi between 
p-Nitrobenzyl Brolllide and KSr82 
Temp. MBr k x105 k xl05 k' x105 k' x105 
oc. 
f -1 P_l f -1 P_l l.mole sec. l.mole sec. 
+10.75 KBr 23.50 2.04 22.90 2.80 
o.o KBr 7.93 0.41 7.45 0.898 
-10.20 KBr 2.47 -o.o2 2.42 0.114 
o.o <cn,)4l1Br 7.25 1.27 6.88 2.89 
o.o ( C2lis) 4l1Br 7.09 3.13 7.06 4.11 
o.o LiBr2 7.40 o.oo 7.13 0.28 
Dissociation constants for potassium bromide in liquid sulfur 
diold.de are known accurately at several temperatures between -25°C. 
and 0°C. Conductivity measurements for potassium bromide in liquid 
sulfur diold.de were made at +6.23°C. and the dissociation constant 
vas calculated using the method of Sbedloveley) The dissociation 
• 8 
1. The unprillled quantities are for a (distance of closest 
approach of two ions) = sum of the ionic radii. 3.28Ao for KBr. 5.25Ao 
for {CR..) NBr. 6.8Ao for (C21Js)4NBr and 2.55AO for LiBr. The primed 
quantit!ei are for a = q(Sjerrum)l q for S02 is 19.92Ao at ooc •• 
19.23A0 at -lo.~c. and 20.5A0 at +10.75°C. 
2. For LiBr. only one run vas carried out and k:r and k were 
calculated by taJdng the averaee ftl.ue of kf for KBr. (CH3)/NBr and 
(~!Js)4NBr. 
3. T.Shedlovsky. J. Franklin Inst •• m, 7:59 (1938). 
constant at +10. 75°C, vas calculated by leut aqUIU'ea extrapolation 
of the values at lower temperatures. 
The dissociation constant of lithium bromide at 0,22°C, in 
liquid aulf'llr dioxide vas also detel'llinecl from cond.uctalloe data. 
The concentration of ions 1n solution vas calculated from the 
dissociation constant making use of equation (1-15)! 
(1-15) 
where Kd is the disaociation constant, 
oL is the degree of dissociation, and 
y.±. is the mean activity coefficient of the ions. 
y+ was calculated from the Debye-HUckel equation2 (1•16) 
-
(1-16) 
where S and B are constants, p..ia the ionic strength and a is the 
minimum distance tc which positive and negati"fa ions can approach 
: 9 
each other. The value that should be assigned tc a 1n the calculation 
is not known definite~. It is generally taken as equal to the 
1. H.S,Harn.ed and B.B.Oiml, "The Physical Chemistry of Electro-
lytic SOlutions", Reinhold Publishing Corporation, New Yolic, N.Y., 1958 
3rd Ed. P• 72. 
2. Ibid., p.66. 
:3. R.A.BobiuGn and R,!f,Stckes, "Electrolyte SOlutions", 
Academic Press, Inc,, New Yo:tic, 1959, 2nd Ed. PP• 82-86 and PP• 2:35-2:38. 
distance between the counter i0Jl8 in the cry-stal or solid etate1• 
According to Bjerrum2, in eolutiona of low dielectric constant these 
iona become paired long before they approach the distance g:i. ven b:y 
the 811111 of the ionic radii (19•92A0 in liquid sulfur dioxide at 0°C.). 
Such ion pairs do not contribute to the ionic atmosphere around an 
ion and therefore it does not seam proper to consider that the distance 
of closest approach is equal to the 811111 of the ionic radii of the 
counter ions. In order to determine the correct value to be used 
for a, the value of a was eystematically '98l'ied two angstroms at a 
time from S..O to a= :50 and for each value the mean acti vi t;y coefficient 
of the ions was calculated for all concentrations emplo:yed in the 
kinetic l'WIII• From the activit;y coefficients, the concentrations of 
the ions and the specific rate c0Jl8tants were evaluated. It vas 
hoped thet for a particular value of a, the probable errors in the 
rate constants for the free ion and the ion pair would be minimum. 
The calculations were made with the aid of an IBM-650 digital computer. 
It vs11 found that, as a waa increasecl, the specific rate con11tant 
for the free ion (kf) changed very little and the rate COJliStant for 
the ion pair became larger and larger. No minimm in the probable 
1. S.D.Bovera and J.M.Sturtevant, J. Am. Chem. Soc.t 1L 4903 
(1955); c.c.Evena and s.Sugden, J. Chem. Soc., ;no (1949J. 
2. N.Bjerrum, Kgl. Den!!lre Vidensk. Selsksb., L No.9 (1926) 
! l 0 
error of the rete constants was noticed. It was concluded that the 
free ion rete co:astant is not se:asi ti ve to the value of a and the ion 
pair rete co:astant is sensitive to the value of a. For the sake of 
comparison with the data of other investigators the value of a equal 
to the 811111 of the ionic redii was adopted. 
I 1 I 
II. A REVIEW OF PRIOR S'l'ODIES OF TilE INFLUENCE OF IONIC 
ASSOCIA'l'ION ON NUCLEOPHILIC SllBS'l'ITUTION. 
Numerous reactions in solution take place by nucleophilic 
Sllbati tution of a polar molecule by ions. For nearly half a century 
chllllists have been wondering llbether Sllch llllCleophilic substitutions 
take place by the attack of the anions alone or by both the anions 
and the undiseociated molecules. A variety of kinetic experiments 
hae been conducted to settle the iaaue and the final answer is yet 
to come. The uncertainty has not been clue to unreliable kinetics 
t.l2 
but rather to the incomplete knowledge of the chemistry of electrolytic 
solutions and the mechsni.BIII of substitution. 
The ionic association may be coul0111bic or covalent. Where only 
coulOIIIbic forces are involved the resulting dimeric species is referred 
to as ion pairs. This re'Viev is restricted to those cases where ion 
pairs are in VOl ftcl in chemical reaction. There are numerous instances 
wherein covalently associated molecules contribute to the rate of 
reaction. Slzeh reactions are not consi4ered here. The terms ionophore 
end ionogen were introduced by Fuosi in 1955 to describe the molecules 
llhich are ionic and molecular in the cryatalline state respectively. 
In describing the work since 1955 these terms have been employed. 
Before Bjerrum2 there was no clear distinction between association 
1. R.M.Fuoes, J. Chem. Ed., X, 150 (1955). 
2. N.Bjerrwa, Kgl. llanske Vidensk. Selakab., ]_, No.9 (1926). 
of ions by coulombic force and co'98l.ent association. They have all 
been referred to ae associated molecules or undiaeociated molecules. 
In describing the work up to the time of Bjerrum, i.e., untU 1926, 
the use of the te~ associated molecules or undissociated molecules 
have been retained even though they refer to ion pairs only in this 
review. Su.baequent to the time of Bjerrum, the term "ion Pair" has 
been employed. 
Towards the end of the last centur,y, it was noticed that 
Beveral reactioni involving electrolytes did not contom to simple 
kinetic laws when molecular concentrations were employed in the cal-
culation of the specifio rate constants. Most of the reactions, euch 
ae the eydrol;ysis of eaters, inversion of cane sugar etc., were 
studied in aqueous solution or in largely aqueous solvents. After 
).J 
the advancement of the theory of electrolytic dissociation by Arrhenius 
it was quickly recognized that the reagents in all such reactions were 
the ions and when the concentrations of the ione were substituted in 
the rate expreaaion instead of the molecular concentrations of the 
mbstitut:ing agents, the rate constants became independent of the con-
centrationa of the reagent. For instance, in the baH catalyzed 
eydrolysis of estere1 the concentration of the reagent is the 
1. W.Ostwald, J. Prakt. Chem., lJ., 1 (188:5); .i!, ;17 (1885); 
~ 112 (1887); S.Arrhenius, z. ~. Chem., .L 110 (1887); 
,i. 246 (1889); J.Spshr, z. Physik. Chem.,"" 194 (1887). 
concentration of the OH- ion and not that of the total base and in 
~ the acid catalyzed inversion of cane 8UgaZ' it is the concentration 
of the a,o+ ions and not the stoich10111etr1c concentration of the acid. 
It vas therefore ststed by Arrhenius that in reactions between polar 
molecules and electrolytes only the dissociated portion of the 
electrolyte reacts while the undissociated part is inert. 
Since the reactions mentioned above were carried out in aqueous 
' 1 4 
or partly aqueous systems, the relative concentrations of the undissociated 
part of the electrolytes were small. Unless the undissociated part 
of the electrolytes had a large specific rate, the contribution to 
the total rate by the undissociated part would be very small. S:nall 
diacrep41l1Cies noticed in the ld.netics of reactions were attributed to 
salt affect, which vaa not understood at that time, and not to the 
reactivity of the undissociated part of the electrolyte. 
In 1890 Hecht, Conrad and Bracknei studied the fonnation 
of aliphatic ethers by the nucleophilic attack of sodium etho:x:ide on al-
kyl halides in alcoholic solution. In their investigation, the 
concentration of sodium etho:x:ide vas varied over a wide range i.e., 
about eighty fold. The rate constant calculated for a second order 
1. S.Arrhenius, z. Peysik. Chem., J., 246 (1889). 
2, W.Hecht, M.Conrad and C,Brackner, z. Peyl!ik. Chem., .2, 289 (1890). 
reaction clumged syatematically. As the concentration of sodium 
ethoxide deoraased the rate constant increased. '!'he rate constant 
almost doubled o"rer en eighty fold variation in concentration, thus 
making it impossible to ascribe the change to experimental errors. 
'!'he progress of etherification 1il18 followed by titration of the 
ethoxide by a standard acid solution. 
'!'his reciprocal relationship between the second order rate 
constant and the concentration of sodium ethoxide 1il18 confirmed at 
sewral temperatures and for a number of alkyl halides. 'nlble 2-I 
giws the reactions studied and 'nlble 2-II giws a typical result 
for the case of me~l iodide and sodium ethoxide. '!'he concentration 
of the alkyl halide 1il18 uaual.ly kept equal to that of sodium ethoxide, 
but in a few cases it 1il18 also varied o"rer a range corresponding to 
ts 
ons to four times the concentration of sodium ethoxide. '!'he rate constant 
did not change with the concentration of the alkyl halide. 
An eumination of the variation of the rate constant with 
V (litera per mole of sodium ethoxide ) showed that it could be 
expressed by the general equation (2-1) 
~ = k
0 
+ m log.V (2-1) 
k2 is the ob881'Wd seoond order rate constant, m is a constant 
characteratic of the system and k
0 
is the rate constant for the case of 
one 1110le of sodium ethoxide per liter of the solution. 
'!'he calculated values of k:! are llhown in the last colUDm 
of Table 2-II and they are compared with the experimental values 
l 6' 
Etherification Reactions Studied to Sbo1r the Innuence 
of Concentration on the Rete Constant 
Reaction v Tatperature 
1. D10le-1of CAONa oc. 
~I+ c2H50Na 1, 2, 5, 10, o, 12, 18, 24 
20,40,80 
c2H5I + CAONa 1, 2, 5. 10, 20 24, :50 
n-C~I + c2H50Na 2, 4, 10 36 
caH17I + c2H5oNa 2, 4, 10 36 
c16~,r + c2HSONa 4, 10 36 
c2~Br + c2~oNa 2, 10 :50 
c2H.Jr + c2H5oK 2, 10 :50 
;;11 
TABLE 2-II 
In1'l.uence of the Concentration of Sodiua Ethoxide on the Specific 
Rate for the Reaction of Me~1 Iodide and Sodium Ethoxide 
v k2 (obsenad) ~ ( cal, from 2-1) 
l,mo1e-1of CzBsONa -1 -1 -1 -1 1.mole lain. l,mole lain. 
l 0.02756 0.027:59 
2 O.O:ll38 o.om4 
5 0.03591 0.03610 
10 0,03975 0.03984 
20 0.04348 0.04:559 
40 0,04724 0.047:54 
80 0,05ll., 0.05109 
in the second column. The aareement is very good. Hecht-, Conrad 
and Brwllmer did DOt, however, explain why the rate constant should 
depend on the concentration of sodium ethoxide. They made sure that 
the variation in the rate constant wu DOt dlle tc the presence of 
the small 81110111lt of ether that 11118 formed in the reaction or tc the 
presence of a neutral electrolyte 1111.ch as sodium iodide which was 
also formed in the reaction by carrying out some kinetic l'IUl8 vi th 
both ether and sodium iodide illi tially added. There 11118 only a very 
IIDiall change in the specific rate conetant. 
The next important advance was made by Acree and cowrkers 
llhose investigatione extended tc eeveral systems over a period of 
ten years. 
Acree and Johnson1 reported that when 1-ph~l-3-thiourasole 
11118 reacted vi th eth11 iodide in 50% alcoholic solution, the specific 
rate decreased as the reaction proceeded. 
+HI 
1. S.F.Acree and J.M.Johnson, Am. ChEll!. J., ~ 258 (1906). 
1 8 
On adding lzydrochloric acid to the reaction mixture the rate 
constant decreased even more. Table 2·III illustrates this behaviour 
for a t,ypical run. 
TABLE 2-III 
Variation of Rate Constant with Time in the Reaction of 1-Ph~l-
3-'J!doarazole (O.OSN) 8lld E~l Iodide (o.QSN) at 50°C. 
t (min. ) ~ (min. -l) Remarks 
5 
:51 
120 
60 
0.0:39 
0.0:5:5 
0.024 
0.00584 HCl added 
The kinetic expreseion for a second order reaction where the 
reactants are of equal concentrationa is given by equation (2-:5). 
Ak2 = :r/t(A-x) (2-:5) 
The concentration of 1-pheey-1-3-thiourazole was determined by titration 
of an aliquot of the reaction mixture with ll/20 iodine. A 8lld A-x 
in the equation are proportional to the volumes of iodine solution at 
tille zero 8lld at time t. 
'1'o explain this obsenation, Acree 8lld Jolmson asserted that 
the chief reacting species in reaction (2-2) is not the phenyl 
thiourazole molecule but its anion. As the reaction proceeds, the 
solution contains increasing IIIIIOUJlts of ~odic acid which is 
generated in the reaction. The proton of the acid suppresses the 
1 9 
dissociation of the phe»;ylthiourazole. SiJloe the concentration or 
the active species is reduced, the reaction rate is also depressed. 
This explanation was supported ey the obaarvation that at the same 
gross concentrations aodium-1-phe»;yl-:}-thiourallole reacts twice as 
fast as 1-phe»;yl-:}-thiourazole. Addition of sodium iodide to the 
solution of sodium-1-pheDYl-:}-thiourazole decreaaad its reaction 
20 
rate which was reprded as beiDg in harao»;y with the above explanation. 
A few yeare later, Rogere and Allree1 extended the study to 
reaction in absolute alcohol. The expariJBental observations were 
similar to those of ADrea and Jolmson mentioned earlier. Robertson 
and ADree2 meaBIU'ed the degree of dissociation of sodium-1-pheeyl-:}-
thiourazole in absolute alcohol by conductance me~ts and used 
the values obtained in the calculation of the rate coustants for the 
phe»;ylurazole ion and the undisaociated molecule. 
The formation of alkyl and aryl ethare by the reaction of 
alkyl helides and alkali ethoxides and alkali phanoxides were 
investigated by ADrea and his cowomra'. 
1. N.Rogera and S.F.Acree, Am. Cham. J., .U, 116 (191,). 
2. H.C.Robertaon and s.F.ADrae, J. Pilla• Cham., ~ :581 (1915). 
'· E.K.Marahel. and S.F • .A!lree, J. Pilla• Cham., li. 589 (1915); 
J .H.SbroUr and S.F.ADree, J. Cham. Soc., 2582 (1914); 
H.C.Robertaon and S,F.ADree, J. Am. Chem, Soc,, Jl., 1902 (1915). 
(2-5) and (2-6). 
RX + MOC2Rs -~) R-o-c2Rs + MX 
RX + KOC6lis ) R-o-c6lis + MX 
(2-5) 
(2-6) 
Ethyl bromide, ethyl iodide and methyl iodide were used as allcyl 
halides. The etho:rldes and pheno:rldes of sodium, potassium and 
li tbium were eDIPloyed for the study of the kinetics of the reaction. 
The reactions were carried out in absolute alcoholic solutiaa 
and the concentrations of the :nucleophiles nre varied from 1 Jll. 
to 0.0625 M. The apparent SBOond. order rate constants were found 
to decrease with increasing concentrations of the :nueleophilea. 
The variation of the rate constants with the concentrations 
of the :nucleophiles was observed in llll!q other reactions. To explain 
811Ch variations Acree and collaborators1 advanced a dual mechaniBIII 
of Sllbsti tution. According to tbis mechaniBIII there are two independent 
simUltaneous Sllbstitution reactions teldng place; one between the 
ion and the polar molecul&J the other, between the undiasociated 
molecule and the polar molecule. The obSBned rate constant is 
the 8UDI of the two independent rate constants in suitable proportion. 
1. E.K.Marahal and s.F.Acree, J. Pb,ys. Chem., 1.9.. 589 (1915); 
J .H.Sbroder and S.F .Acree, J. Cham. Soc., 2582 (1914}; 
H.C.Robertson and S.F.Acree, J. All. Chem. Soc., X, 1902 (1915). 
The rate of :reaction is 
d%/dt = kf(RX)(A-) + kp(RX)(MA.) (2-7) 
= kf«.(RX)(MA)s + kp(RX)(MA)s(l...,t) (2-8) 
~ = k{'- + kp (1~ (2-9) 
where (RX) is the concentration of the alk;yl halide, 
(A-) is the concentration of the enion, 
(MA) is the concentration of the undissociated molecule, 
(MA)s is the stoichiometric concentration of the nucleophile, 
kf is the specific rate for the enion A-
k is the rate constant for the associated molecule MA, p 
k2 is the observed second order rate constant, 
~ is the degree of dissociation of the electrolyte. 
In the formation of ethyl ether frail sodi1111 ethoxide and 
ethyl iodide, the ethoxide ion and sod11111 ethold.de both reao.t_simuJ.taneously 
and have different rate constants. As the stoichiometric concentration 
of sodi1111 ethold.de is chazlged, the relative concentrations of the 
ethold.de ion and the undissociated part also cbsJI&es. It is therefore 
net surprising that the specific rate of reaction is also t>b•ng:!ng. 
Acrei showed that the empirical equation (2-1), which Hecht 
Conrad and Bruckner had put forward is approximately the sue as 
eq. (2-9) in concentrated solutions. According to equation (2-1), 
for two different concentrations of the nucleophilic reagent 
1. J.H.Sbroder and S.F.Acree, J. Chem. Soc., 2582 (1914). 
k2 = k0 + m log. V 
k2 = k0 + m log. v• 
On subtractillg ~ - k2 = m (log. V - log. V' ) = m log. v/v• 
Acoording to equation (2-9) 
~ = kr-+ kp(l-d) 
I ' 
k2 = k;tL + kp (1-l.) 
' I 
On subtracting, ~ - k2 .. kf'~-..L) - kp ~-<:/..) 
, 
= (kf' - kp )(d. -d..) 
In both equations, ~ an4 k2 represent the same experimentally 
observed aeoond order rate constants. Therefore 
I 
(kf'- k )(cJ..-~) = m log. V/V' 
p I 
m = (kf - kp) ~-<~..)/log. v/v• 
(2-10) 
(2-ll) 
I 
kf an4 kp are constants. m will be a constant if ""-- d..)/log. V/V' 
ia a constant. In coDCentrated solutions this condi ticn ia approximately 
:fUlfilled. In such a solution rJ...is proportional to vt. It V' is increased 
f If Jl 
to V", d. ia iDCreased to J... • (J.......}..) becomes smaller and V/V" also 
" becomes smaller proportionstely. Hance (ct -.J..)/log.V/V" will not 
r 
differ woh :f'rom (cJ..- d-)/log. V/V'. 
In dilute solutions rJ... changes very 11 tUe vi th further dilution 
I 
an4 therefore (d.. -d..)/log. V/V' will not n ein constant. The relation-
ehip (2-1) breaks down in wr.r dilute solutions. 
It ie alec poSBible to view one part of the reaction (2-7) 
as not between the undisaociated electrolyte and the polar molecule 
but as a ternary reaction between the anion, cation and the polar 
molecule. The si.mul:taneone attack by the cation and the anion IIIUBt 
assist in the removal o~ the displaced g1'0Up by the cation. Acree 
expressed thie idea by means of equation (2-12). 
dlr/dt = kf(RX)(A-) + kt(RX)(A-)(M+) (2-12) 
= kf(RX)(MA)~ + kt(RX)(MA)112(~) 
k2 = k~+ kt(ot)(MA)11 (2-13) 
IQ ----.~. x+ + .~..-~
Kd = (M+)(A-)/(MA) = (.})(!V.)/(14) (2-14) 
Kd i.e the diasociation constant of MA. 
On eubetitut:I.Dg (2-14) in (2-13), equation (2-15) i.e obtained. 
(2-15) 
Comparing eq. (2-15) with eq. (2-9), equation (2•16) i.e arrived at. 
(2-16) 
It i.e clear from eq. (2-9, 2-13 and 2-15) that it i.e not possible 
to distinguish mathematically between a bimolecular reaction involving 
the undiaeociated part of the electrolyte and the polar molecule and 
a termol.eeular reaction involving the cation, anion and the polar 
molecule unless activity coefficients are included in eq. (2-14)1• 
Acree eDIIIi.ned the two possible mecbaniams and thoueb he arrived at 
equations (2-9) and (2-15) he was o~ the opinion that the two equations 
are different and distinauiehable. He stated that eq. (2-13) g:l.vee 
1. Diacuaeed in p. ''N' 
satisfactory results in only two cases, i,e., 
---?) ~c2~ + Nai 
~o-c2~ + KI 
in absolute alcohol, while (2-9) gives satisfactory results in. all 
oases. It is difficult to understand how the two methods of calculation 
could yield different results. 
In order to calculate the rats constants for the free ion and 
the associated molecule in the etherification reactions (2-5 and 2-6), 
~(degree of dissociation) values vera needed for the alkali ethoxi.des 
and phenoxi.des in absolute alcohol. Robertson and A~Jrei determined 
the.<- values b;r condnctanoe measurements at 0°, 25° and 35°C. and 
calculated for other temperatures b;r interpolation and extrapolation. 
The equivalent oondnotivit;r at infinite dilution (N was obtained by 
measuring the oondncti'vi t:r of the moat dilute solution that could be 
measured and <L 1188 taken as equal to ~. The calculated rate constants 
for the free ion and the associated 110lecules are given in Table 2-IV. 
Brandetrorl, in 1957, recalculated<{ values from Robertson and Aoree•s1 
conductance data making use of modern theories of electrolytes and applied 
them to the study of the kinetics of etherification. His results which 
1. H,C.Bobertson and S.F.Acree, J. ~. Chera., 12, 381 (1915). 
2. A.Brand.strom, Arld.v Kerai, J.l, 567 (1957). 
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~2-IV 
Free Ion and Ion Pair Rate Constanta for the Reaction 
of AJ.Jr:;y1 Halides ad meal 1 Etho:rldee 
Temp. RX R'Oil kA kA kB kB f p f -1 p -1 
oc. 1.mo1e - 11111n. - 1 1.mo1e mn. 
25 c2~Br CAOLi 0.00574 0.00157 0.00550 0.00135 
c2~oNa 0.00576 0.00233 0.00545 0.00215 
c2~ox: 0.00539 0.00296 0.00540 0.00250 
25 c2~I c2~0L1 0.0121 0.00304 0.0116 0.0027 
CAOlfa 0.0120 0.00427 0.0119 0.0033 
c2~oK 0.0122 0.00457 0.0119 0.0036 
25 ~I c2~oLi 0.1}7 0.0387 0.130 0.034 
C~a 0.127 0.0594 0.125 0.053 
c2~oK 0.126 0.0687 0.122 0.063 
The superscript A in the rate constants refers to Acree's 
values and the superscript B refers to Brandatrom' e ftl.ues. 
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TABLE 2-V 
Free Ion and Ion Pair Rate Co:nate:nte for the Reactions 
of Al.ky1 Balidea and U!raJi Pheno:id.dea 
Teu.p. RX R'OM kA f 
kA 
p 
kB 
t 
kB 
t 
oc. 1.mole-1min.-1 -1 -1 1.mo1e min. 
25 c2~I c6~o11 0.00534 0.000910 0.0049 
c6~oNa 0.00551 O,OCXYiJfn 0.0051 
c6~oK 0.00518 0.001011 0.0051 
35 <nr,I c6~olla 0.0909 0.0131 
c6~oK 0.1036 0.0098 - -
35 CAI c6~oLi 0,0174 0.00319 
c6~oBa 0,0183 0.00323 -
c6~oK 0.0197 0.00270 -
25 <nr,I c6~oLi 0.02ffl 0.00390 0.0253 
c6~oNa 0.0282 0.00477 0,0256 
c6~oK 0.0283 0.00370 0,0258 
TABLE 2-VI 
Rate Co:nate:nte for the Reaction of Sodium-1-Phen;r1-3-'!hiourazo1e 
with Etb3'1 Iodide at 25°C, 
kA kA kB kB 
f 
-1 -1 p f p 
1 1 - 1min - 1 -1 -1 -~ -1 l.mole min. .m.o • • 1.mole Dli:n. l.aole • 
0.435 0.16 0.42 0.12 
are discussed on page (:;(.,), are allo shown for comparison in Tables 
2-IV, 2-V and 2-VI. 
llhen an allcyl halide reacts with etho:d.des of sodium, potassium 
and lithium, all three etho:d.dee have the 118111e anion and hence mast 
have the same value for the rate conatant of the anion (kf) while 
the rate constant for the undiseociated molecules may be different. 
Tables 2-IV, 2-V and 2-VI illustrate these points. 
It was known that the concentration of ions in solution was 
affected by the presence of neutral eal te, 'Die effect had been 
recognized as distinct :from the common ion effect and was called 
the "abnormal" salt effect, In order to correct for this "abnormal" 
eal t effect, the rate expression was multiplied by a factor as shown 
in equation (2-17). 
k2 = ~r- + kp(l-~ ~ + f(C8 )] (2-17) 
where "f" was 1101118 :f\mction of the concentration of the eal t. Since 
the magai tude of f was not known, it was arbi trari]Jr assumed in SOllie 
instances to have a value of -+0.06 or -0.06 and the recalculated values 
for kf and kp did not differ signiticant]Jr f'roa the values calculated 
without 'f(C
8
)' term. It was therefore left out. 
Segallei studied the reaction between n-propyl iodide and 
sodium pheno:d.de in alcohol at 42.5°C. He found that the 
rate constant adhered to the relation (2-1). 
1. D.Segaller, J. Chem. SOc., 1154 (1913). 
I 2' 
k2 = k0 + a log. V (2-1) 
Segaller found that the eapirioal relation 
(2-18) 
is also obeyed. If log.V in eq. (2-1) is expanded, log.V ~ (V-1) 
if V ~ 2. Neglecting higher te1'1118 in V, (2-1) beCOIIes 
k_ = k + m (V-1) = k - m + mV • (k -m) + m/C ~ 0 0 0 
Acree extrapolated Segaller's elate to the coDCentrations ot 
sodiliiB pheno:d.de for which ct had been detel'llined b:y Bobertson and 
Acree1 and calculated the specific rates tor the tree ion and the 
undissociated molecule on the basis ot equation (2-9). 
llarsbal and Acree2 studied the reaction of addition of alcohols 
to nitnlas which is catel.;yzed b;y etho:d.des, eq. (2-19). 
~ R-cN + C-jlr;Off .._.-- R - 9, - OC-)Ir; 
:tm 
(2-19) 
In the case ot poobromobensonjtrile and ethanol~ catal;yzed b;y sodium 
etho:d.de, kt and kp were found to be equal. For poteasium etho:d.de 
and lithium etho:d.de kt 1188 the - as before but the kp •a were 
different as indicated in Table 2-VII. The reverse reaction of 
eq. (2-19) 1188 also studied in absolute ethanol tor acetimidoetb7l 
ester and benzimidoetb7l aster. The results are shown in Table 2-VIII. 
1. J.H.Shroder and S.F.Acrse, J. Cham. Soc., 2582 (1914); 
H.C.Bobertson and s.r.Acree, J. Ph,ys. Chela., 12,. 381 (1915). 
2. E.K.Marshal and S.F.Acrse, Am. Chem. J., ~ 127 (1913). 
3. S.F.Acree, Am. Chell.. J., ~ '367 (1913) 
Specific 
';;o 
TABLE 2-VII 
Rate Constants for the Reaction of 
p-Bromobenzoni trile and Hkali Ethoxide 
LiOC2H5 
NaOC2H5 
KOC2H5 
Rates for the 
C2H50Na 
N/4 - N/64 
C2H50Na 
N/4 - N/64 
kf 
-1 -1 l.nole nin. 
0.161 
0.160 
0.160 
TABLE 2-VIII 
Cleavage of Imido Ethyl 
:ccetimido- k f 
k 
1 p -1 . -1 ~.l'lole run. 
0.087 
0.160 
0.141 
Esters. 
k 
ethyl ester -1 p l.mole min. -l 
N/4 0.344 0.228 
Benzimido-
ethyl ester 
N/4 0.1148 0.1003 
Xoelichd studied the rewne oODclensation of diaoetone alcohol 
to acetone catalysed by baees, eq. (2-20). 
oJf" (~)2cOH~cooa, , oJf" ~ 2~cooa, (2-20) 
He concluded that this reaction vas ca~ by only the b;rdroxyl 
ions. .ADree2 found that the kinetic data C011ld also be interpreted 
by the asamption that the reaction is catalyzed by beth the b;rdroxyl 
ion and the 'llndisaociated 110lecule. The abow reaction bad been 
carried out in aqueous solution. .ADrea did not state how ct. values 
were obtained tor the bases but the rate constants tor the tree ion 
and the "molecule" haw been presanted. 
Rate Constants tor the Base Cstalysed Conftreion ot 
Diacetone Alcohol to .ADetone 
Base k 
p -1 -1 1.111018 lllin. 
NaOH 0.2315 
0.2320 
0.2315 
0.1500 
Bredig and stern3 bad inwstigated the condensation of benzaldehyde 
to bensoin in presence of potassi1111 cyanide. They had concluded that 
the reaction is catalyzed only by the cyanide ion. They bad aasumed 
1. K.Xoelichen, z. :!"eyyik. Cham., .,ll, 129 (1900), 
2. S.F • .ADree, Alii. Chem. J,, ,ti, 350 (191:5). 
3, H.G,Bredig and E,Stern, Z, Electroehea., 10, 582 (1904). 
that the degree of dissociation of potaaaiu c78Dide in 66% alcohol 
to be approxillately the same between 0.4 X. and 0.05 M. Marshal 
Harrison and .AtJree1 coucluded that in this reaction kf is equal to 
-1 -1 kp = o.oeg l.mole min. 
llruyn and ste~i and IW.ofs3 had atlldied the rates of reactiOllB 
of aodiu aethoxl.de and ethoxl.de with 1,2-dinitrob8Dllene, 1,2,4-dinitro-
cblorobensene and 1,2,4-dinitrobromob- in absolute methyl alcohol 
and ethyl alcohol, eq. (2-21) and (2-22). 
C6H4(No2)2 + 0Ctf5 --) c6H4No2(oc;trs) + N0_2 (2-21) 
c6H4(N02)2 + NaOC;trs --)-C6H4N02(oc;trs) + NaN02 (2-22) 
The 114. Yal.ues for aodiu ethoxl.de nre obtained from the conductance 
studies of Robertson and .A!Jree and for aodiu methoxl.de by the studies 
of Tijmstra 4• 
1. E.K.llarabal, J .P.Barrison and S.F • .A!Jree, Am. Chem. J., 
~ 360 (1913). 
2. C.A.Bruln and A.Steger, Z. Pb,ysik. Chem., ~ 329, 333 and 
:536 (1904); Bee. Trav. Chim., l§., 13, 41 (1899). 
3. P .K.Lulofs, z. Pb,ysik. Cham. , ji, 341 (1904); Bee. Trav. 
Chim. , 20, 292 (1901). 
4. S.Tijmatra Bz., Z. Pb,ysik. Chem., ~ 349 (1904). 
Rate Constants for the Aromatic lfucleophilic Substitution ·of 
Dini tro and Ualodini trobenzenes by Sodi'WII Ethoxide and Methoxide. 
Reaction 
o-Dini tro1>enzene in 
ethanol. (4SOC.) 
1,2,4-Dini trochlorobenzene 
in go,,; methanol. (lSOC.) 
0.229 
1,2,4-Dini trochlorobenzene 
in absolute ethanol, (15PC.) 4.473 
1,2,4-Dini trobromobenzene 
in absolute methanol. (lSOC.) 1.299 
1,2,4-Dini trobromobenzene 
in absolute ethanol. (lSO) 2.838 
Na~ 
0.2:5() 0,1458 0.1278 
1.376 0.759 
1.195 
-
0.724 
-
0.823 
In 1935 ll&tdwicJtstudied the fol'!IIS.tion ot ethers from aodium-2,4-
dimetb,yl phenoxide and al.ley-1 iodides in ethanol, eq, (2-23). 
The alkyl iodides that were employed are metb,yl, etb,yl, n-propyl, 
isopropyl, n-butyl, isobutyl and n-em;yl. Two typical results are 
shown in Table 2-XI. 
) 
-OR ~-~ +Nai 
~ (2-23) 
1. P.J .Hardwick, J. Chem, Soc,, 141 (1935). 
RI 
CB3I 
TABLE 2-XI 
Rate Constanta for the Reaction of Sodium-2,4-D:I..metlcy-1 
Pheno:d.de and Al.IQ'l Iodides 11'1 Absolute Alcohol. 
Temp. kf k 
oc. -1 -1 p -1 -1 l.mole miD. l.mole miD. 
28.15 0.141 -o.oo5 
'S7.90 0.}41 o.oog 
5~.80 O.'Y75 o.ou 
'l'he degree of dissociation of eodium-2,4-dillletlcy-1 phenoxide wae 
d.etel'lllined by the conductivity method uail'lg the equation ol .. .A..{fl-. . 
The equivalent conductivity at infil'lite dilution wae obtained by 
plotting l va 1/~ and extrapolating the curve to infinite dilution. 
'l'he specific conductivities were measured at 25°C. and ~5°C., but the 
data were extrapolated to 65°C. by the fol'lllllla ~ .. 1.,(1 + mt). 
m is a constant and 
t is the temperature 11'1 °c. 
Since Sodium-2,4-dimetlcy-1 pheno:d.de equilibrates with the alcohol, 
excess of 2,4-dillleteyl phenol was added in all measurements to suppress 
the alcoholysis of the sodium salt to give sodium ethoxide and 2,4-dimeteyl 
phenol. 
From hie kil'letic study, Hardwick concluded that the reactivity of 
the ion peir is negligible. His results show that k is about "' of p 
kf llhich falls withil'l experimental eiTOr. 
Woolr made a s1miJar study uail'lg aodillll eugenoxide and metey-1 
1. s.s.Woolf, J. Cham. Soc., U72 (19'Y7). 
etey-1, n-p:rop:yl, isoprop;yl, n-but;yl, ieobut;yl, n-SDzy"l and isoSDzy"l 
iodides in etbanol, eq. (2-24). 
+ RI (2-24) 
In ~ instances the rate constant 1f88 fOUDd to decrease with time. 
Azl this 1f88 assumed to be due to the slight change in ionic env.l.:roiiJIISilt-
sodium eugenoxide 1f88 being consumed and sodium iodide 1f88 being 
generated and the two compounds ~ have different dissociation constants-
it wae considered more acourate to extrapolate the rates to ze:ro time 
and calculate the second order rate constants trom the initial rates. 
To determine~, measurements of conductiv.l.t;y were carried out at 
25, 35 and 50°C. '!he experimental procedure and the method of calculation 
of at:. velues were the - as that of Hardwick. 
Woolf's results are shown in Table 2-XII. His conclusion was 
the same as that of Hardlliclt, i.e., that the associated part of the 
elect:rol;yte has no nucleophilic acti'fit;y and it is onl;y the ion that 
attacks the al.kyl iodide. '!he rate constant appears to depend somewhat 
on the concentration of the al.kyl iodide also. 
MitcheU1 conducted experiments with sodium guaicoxide and al.kyl 
iodides (RI) where R was equal to metey-1, etey-1, n-prop:yl, n-but;yl, 
n-SDzy"l, n-he:r;yl, n-hept;yl and n-oct;yl, eq. (2-25). 
1. J.A..Mitchell, J. Chem. Soc., 1792 (1937). 
TABLE 2-ni 
Bate Coustante for the Reaction of .Alk;r1 Iodides with 
SodiUII Eugeno:z:i.de o {Equal Concentratious of RI and Phano:z:i.de) 
V (1.mo1e -1) 4 6 8 10 12 14 16 Mean 
n-Pr.I 1~ 11.9 1~.4 14.8 16.2 17.6 19.0 20.4 
kf 1.96 1.91 1.87 1.88 1.89 1.90 1.92 1.91 
n-Bu.I 1~ 10.4 u.s 1~.1 14.4 15.8 17.1 18.4 
kf 1.7~ 1.69 1.66 1.68 1.70 1.71 1.7:5 1.70 
n-Am.I 1~ 9.8 u.o 12.2 1~.4 14.6 15.7 16.8 
kf 1.63 1.57 1.54 1.56 1.57 1.57 1.58 1.57 
IeoPr.I 1~ 9.0 10.1 11.2 12.4 13.6 14.7 15.8 
kf 1.50 1.44 1.42 1.44 1.46 1.47 1.49 1.46 
IsoBil.I 10Cll:2 3.4 4.0 4.6 5.2 5.8 6.5 7.1 
kf 0.57 0.57 0.58 0.60 0.62 0.65 0.67 0.61 
Iso.Am.I 1001:2 5.1 6.0 6.8 7.7 8.6 9.4 10.3 
kf 0.85 0.85 0.86 0.89 0.92 0.94 0.97 o.go 
"' ~ is the sscond order rate constant with stoichiometric concentrations and kf is the 01 
secoDd order rate constant for the tree ion. -1 -1 The UDits of' the rate coustente are !.mole min. 
ON a 
~ OCH3 + RI 
OR ~ OCH3 + Nal (2-25) 
The reactions were studied at 45°, 55° and 62. 7°C. in ethanol. The 
ri. ftl.wts were calculated from conductance data obtained at 0, 25, 
35 and 62. 7°C. The limiting conductance vas determined by extrapolation 
ot the plot of log • .h. vs ct and cJ.. • J.....j.A..,.. 
A typical relllllt tor the case of ethyl iodide is shown in Table 2-XIII. 
TABLE 2-XIII 
Rate Constants tor the Reaction of Sodium Guaicoxide 
with Ethyl Iodide 
(cAI) = o.24JIT 
C-fi70-}'a 0.24 0.22 0.17 0.14 0.12 0.10 0.06 
rJ... 0.0600 0.0622 0.06'11 0.0753 0.0001 0.0005 0.107 
k uo4 2 459 469 505 544 581 632 793 
~ %l.04/<Iv 7649 7541 7246 7224 7254 7391 7446 
No reactiv.i.ty tor the associated pert of the molecule or the 
ion pair vas found. Addition ot large IIIIIOUDts of sodium iodide 
caused a decrese in the rate of reaction by 28-45%. 
In the above three series of reactioD& the alk;yl iodides and the 
sodiUIII phenoxide were usnaJJy present in equal concentrations that 
renaed from 0.05 M. to 0.5 M. 
Within the last two decades another powerful tool has become 
0.04 
0.127 
957 
7558 
a'VIIilable for attacking 'this problam. f.bis is 'the availabili t,y of 
radioisotopes. An isotope exolwlge reaction does not produce a 
olwJge in 'the ionic strength as the reaction proceeds which is one 
)EJ 
of the UllCertsintiea in the Williaucm reactions diBCUBeed above. The 
method makes it poBSible to s'tud;r reactions at very low conoentxoations 
and 'this has two advantages. At low concentrations, solutions are more 
nearly ideal and 'theories regardillg electrolytes in solutions are 
more likely· to be 'Valid. Solvents like acetone, ethanol, methanol, 
liquid sulfur dioxide etc., contain only a lll!lal.l proportion of ions 
even in fairly dilute solution, which is a requisite for determining 
'the nucleophilic character of the associated part of the molecule 
quantitatively. 
The first significant study of 'this kind was undertaken by Lelioux 
and SUgdenl in England in 19:59. They nre able to produce a highly 
radioactive BBIIIple of bromine making uae of the Szilard-chalmers2 
effect. 'l'his was converted to li 'thiliDl bromide. ib.e exolwlge of 
radiobromine between lithiliDl bromide and n-but,rl bromide, eq. (2-26), 
was studied in 90% acetone. 
LiBr* + n-e4H,jr ~ LiBr + n-c4~Br* (2-26) 
Br80 in some instances end Br82 in some other cases was counted. 
1. L.J.Lelioux end s.SUgden, J. Che.. Soc., 1279 (19:59). 
2. L.Szilard and J.A.Chalmers, Nature J.ii, 462 (1934). 
The concentration of lithium bl'Olllide 111111 'Varied eight fold and 
accordiDg to the authors no change in the rate constant wes observed. 
The exchange reaction obeyed a simple bimolecular rate expression. 
0.0969 
0.0969 
TABLE 2-XIV 
Bromine Exchange between LiBr* and n-e4~Br 
in 90% Acetone at 44.5°C. 
LiBr 
mole 1.-1 
0.03()1 
0.2443 
23 
15.7 
~ chan&es to two thirds of ita 'V8lue when the concentration 
of lithium bromide increases eight times, which is an indication of 
BOlle 09J11Plexi v in the reaction. This baa been icaored ey the authors 
es of little importance. In 90% acetone there will not be a big change 
in oL when the concentration of lithium bl'Olllide ohangea onlJ ey a factor 
of eisnt. The observed change in ~ 1111Q' be ascribed to the reacti vi v 
of the ion psir if' it is esSUIII8d that the ion pair baa less reactivit7 
than the free ion. In a more concentrated solution there are more ion 
psire and less f'ree ions than in a dilute solution. Therefore k2 becomes 
leas at higher concentrations. The lowering of k2 at higher concentrations 
IIIIQ' also be partly or wholly due to the ionic strength effect. The data 
are insufficient to decide between the two poesibili ties. 
The exchange of :rl-28 between sodium iodide and ethyl iodide 
vaa studied by~. h reaction, eq. (2-27), waa carried out in 
lia!128 + ctisi , liai + ctrsr28 (2-27) 
ethanol aDd the concentration ot the aocliUII iodide waa -.arled by a 
!actor ot ninety. '!he rate conatu.t challged p:rogreaaiftly by a tactor 
ot two aa ahown in 1'able 2..XV. 
TABLE 2-:XV 
Iodine Excben&e betnen ~28 aDd Cti5I in Alcohol 
Etb¥1 Iodide Sodi'WI Iodide ~ uo3 
-1 1 -1 -1 mole 1. mole 1.- l.mole sec. 
0.90 1.52 0.220 
0.90 1.10 0,221 
0.90 0.60 0.258 
0.90 o.,, 0,3<)3 
0.90 0.135 0.3"57 
0.90 0.068 0.}46 
0.90 0.033 0.421 
0.90 0.017 0.425 
'!he author reluctantly adm1 te tbat when the bimolecular rate 
conatu.t k2 vaa plotted against log. V, a straight line vaa obtained. 
'!his 1a the 1181118 relation (2-1) giftll by Hecht, Conrad aDd Brllckner2• 
Even ac, the reaction vaa treated aa a ailllpl.e second order reaction. 
1. H.A.C.Jfclra,y, J. Am. Cham. Soc,, ji, 702 (1943). 
2. W,Heoht, X.Conrad aDd C,Brackner, Z. peyai]c, Cham., 2. 289 (1890). 
4Z' 
!ftle work of Lellollx, I.u, &lgdea end fhouon1 pl'O'Iidea a llmi ted 
IIIIO\IIlt of data on the iDfiuenoe of concentration on kinetics. !ftle:y 
studied the •TOhenge of bromine between ae-.eral orgailic bromides and 
11th1111l bl'OIIIide in acetone and etb;rleae glyool diaoetate. Solie reaults 
are quoted frail their paper in Table 2-XVI, vhioh iDdicates that there 
is e"fidenoe for clump of rate constant with concentration of the 
electrol;yte. 
Kinetics of Bromine Exchange between LiBr* end Isoprop;y1 Bromide 
in Eth;y1ene Gl;yool Diaoetate at 1400C. 
Iaoprop;yl Bromide LiBr ~ u05 
-1 -1 -1 -1 
ao1e 1. mole 1. l.mole sec. 
0.110 
0.119 
0.099 361 
411 
A 110re accurate study from the point of 'fin of the iDfiuenoe 
of concentration on kinetics vas made by Evans and &Jaden2• '1b;y studied 
the exchange of bro.ine between aecondal7 oct;y1 bl'OIIide and 11 thilllll 
bl'OIIIide and also n-but;yl bl"'OIide and 11 th111111 bl"'OIide in acetone. 
The concentration of 11 th111111 bl"'OIide vas ftried four hundred fold. 
!ftle ol, values were deterained by ~te of conducti vi t;y and the 
application of Onsacer'• theorr, eq. (2-28), and the Deb;ye-Hu.okel 
activit;y coefficient relationship, eq. (2-29). 
1. L.J.Lellollx, c.s.I.u, s.&lgden and B.H.Thtl!!laon, J. Cheal. Soc., 
586 (1945). 
2. C.C.Evana and S.Sqden, J. Cha. Soc., ZTO (1949). 
~ • .lo - (1.667.10 + :538.2)(d..ci (2-28) 
log. y.:t • -:5.7:52(c:tc)t I 1 + 1.92(~c)t (2-29) 
It is i.llportant to note that in eq. (2-29), 1,92 includes a, 
the distance ot closest approach ot the counter ions in acetone. ibe 
value ot a wu taken u '3!. 0 , 
Kinetics ot BrolaiDe Excbanp betwe Seo-Oct;yl Bromide 
and J.iBrlt in .Acetone at 65.5°C. 
LiBr :.r:J.04 Oct;yl llromide ci.. ~ :.r:J.o' 
IIOle 1.-1 -1 -1 -1 mole 1, 1.1101e aec, 
2.61 0.044 0.640 7.21 
8.61 0.044 0.460 4.94 
58 0.044 0.2:54 2.:54 
89 0.044 0.198 2.64 
150 0.044 0,161 1.5:5 
660 0.044 0,0822 o.a, 
1:590 0.044 0.057:5 0.77 
1be :reaulte 1181"8 fitted to equation (2-:50). 1bis is similar 
~ • kfi. +II (2-:50) 
to eq. (2-9) i.e., ~ • k(- + kp(l-<>0 pro'lided the last te1'lll ot (2-9) 
is negligibly ...U 1lben c011p81'8d to k"' ~· can be trw! it kp is 
ext:reuly amall in (2-9). ibe ftl.uea tound tor 1cr and m by theBe workers 
a:re 4,41 .:t 0.17 :.r:J.0-:5 and 0,12 :.r:J.0-:5 :reapectiwly. 'l'he constant te1'llt 11 
vu intetpretecl by the authors as meaauriJ1B the rate of reaction of 
the Ulldiaaociatecl molecule. 
TABLE 2-MII 
llnetioa of Exchange of Brolline betnan n-Bu.tyl Brolllida 
and LiBr* in Acatona at 26.2°C. 
L1Br %104 n-C4~ ol.. ~ no" 
mole 1.-l -1 -1 -1 aole 1. l.mole sec. 
0.504 0.044 0.925 '3.9'3 
2.49 0.044 0.774 '3.1'3 
17.1 0.044 0.497 2.56 
79.4 0.044 0.:514 1.44 
191.0 0.044 0.241 1.07 
Por tbe reaction of n-but;yl bl'OIIida and li thiua bl'OIIIide, analyaia 
of the data b7 meana ot eq. (2-~) yielda m ~ o and kf • (4.6 .t 0.'3) xJ.o-'3. 
b reaulte illdioate tbat the iOll pair has 'ft'r7 little reactivity. 
bee vork8ra alao stud1ed iodine e~ l!etween et!Q'l iodide and 
..r31 ill Mtllanol at 25°C., the reaction vu aacond order. .Aa ah01IIl 
in Table 2-XIX, the rate COlllltant did not clwlge significantly with 
CODCentration ewn tboqh there vu a Diaet;r fold "flU'iation in the 
concentration of aodi11111 iodide. 
Conductanoa experillente aband tbat aodiua iodide 1e almoat 
corapletaq dissociated in Mtbanol at all CODCentrationa atud1ed. 
.... 
IC1Detioe of Iodine Ercbanp between Sodilllll Iodide aDd Eth.Yl 
Iodide in lletbanol at 25°C. 
Nai uo4 cAI no' ~uo5 
-1 1101e 1. -l -1 -1 IIOle 1. 1.110le sec. 
2.50 44.0 8.19 
17.6 44.0 8.09 
2~.0 44.0 7.44 
tor the etaq ot iodine euba1Jce 'betHen n-blltyl iodide a Nai, Lii, 
Cei, Zni2 aDd Cdl2• The C. values wre detel.'lllined both b;r conductivity 
......-ate aDd moleoalar weight 4ete1'llillaticma b;y the ebul.lioecopic 
method. The molecular weight deteDIIillationa llhowed that Lii, Nai &Dd 
Cal are almost oOIIpletel;y d1118001ate4 &Dd Zni2 ie a weak eleotrol;vte. 
Cadmi11111 iodide appeared to have aeaociated. Conductivit;y measurements 
coufirmed the above results but the authors have not stated the procedure 
empl.o;yed tor the calculation or the de£1'" ot diaaociation. In the 
kinetics of exchange, since li thilllll iodide, sodi11111 iodide, aDd 
cesi11111 iodide gave the 11111119 second order rate ccmatant it vas concluded 
that the reaction vas between the iodide ion and the orgaD:ic iodide. 
For Zni2 and Cdi2, the aolar condnotance decreased rapidl;y 
with concentretioa &Dd attained a plateau. ~e concentration or 
1. G.W.Hodpon., H.G.Bwns and C.A.Willkl.er, Can. J. Chem., ~ 60 (1951). 
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free ions is very low over the range of concentrations the exchange 
study was conducted. (The concentrations studied for Zni2 were 0,0089 N. 
and 0,023 M. and for Cdi2, 0,046 M. and 0.023 M.). Zinc iodide showed 
no association or third order kinetics and therefore the substituting 
agent was considered to be either zinc iodide ion pair or the complex 
anion (Znr3-) formed bimolecularly from Zni2 
- + Znr3 + Zni 
Cadmium iodide showed a third order reaction. This was explained by 
the authors by assuming the nucleophile to be either undissociated Cdi2 
or Cdi4- formed bimolecularly from Cdi2• 
Neiman, Shapovalov and Niller1 investigated the kinetics of 
bromine exchange between alkyl bromides and sodium bromide, The reactions 
were studied in 9o% ethanol at 75°C. The concentration dependence of 
the rate constant appears to have been studied only for n-propyl 
bromide. d... values for sodium bromide were determined by conducti-
vity measurements (.,( = ~ but the method of evaluating ~has 
not been stated. Table 2-XX shows the results obtained for n-propyl 
bromide and sodium bromide. cl changes between 0,41 and 0.94. The 
last column of Table 2-XX indicates that the reaction is between the 
polar molecule and the bromide ion and that the ion pair shows 
negligible reactivity. 
1. M.B.Neiman, Yu.M.Shapovalov and V.B.Jo!iller, Zh. Fiz. Khim., 
28, 1243 (1954); C. A., ~. 7939 c (1955). 
'!'ABLE 2-XX 
Kinetics of Isotope EJ:chaDge between rr-CflrBr and HaBr* at 
75" c. in go,t; Aq. Etha!lol 
rr-C~ NaBr ~ uo5 k uo5 k.jd.. uo5 
110le 1.-l 
2 
-1 eec,-1 -1 -1 -1 -1 mole 1. l.mole eec, l,mole sec, 
0.1 0.0125 0,062 62 73 
0,1 0.1 5.6 56 74 
0,6 0.6 20,0 34 73 
1.0 1.0 -n.o 'Z1 71 
Bowers and Sturte'VBXlt1 studied the reaction of p-nitrob811Z71 
bl'OIIIide and chloride vi th li thiUIIl bl'OIIide in acetone containing 5~ 
aethanol and o.~ water at 0°C, The biiiOlecular rate conetmt displa;yed 
the expected dependence 011 the concentration of li thiUIIl bromide, i'beir 
data are SUIIIII&l'ized in 'fable 2-XXI. 
S:l.llilar results were obtained at 30°C, and also for the diaplac8111811t 
of chloride b;y bl'OIIIide in the reaction of p-Ili trobt111Z7l chloride vi th 
li thiUII bromide, 
1. S,D,Bowera and J.M.Sturte'VB11t, J, All, Cheal, Soc,, 'Jl., 4903 (1955), 
TABLE 2-XXI 
K:I.Detics of Bromine Exchange between p-N'2% H4 CH~ and LiBr* 
in Acetone Containing !)% lfetlumol and O.!)% Water at 0°C. 
p-N02C6~f~ LiBr k uo3 
mole 1. -l x103 
2 
-1 -1 110le 1. :dO 1.110le sec. 
4.56 0.118 8.98 
4.56 2.13 5.62 
4.56 10.41 4.:3'3 
4.56 :38.10 1.98 
In order to apply Acree's equation (2-9), <l(. values were needed. 
'!he authors employed Bjerl'UIIl1s1 equation (2-31) to calculate the 
dissociation constant x:4 tor lithiua bromide at 0°C. 
(2-31) 
where b = ?;_ z2e
2 / aTJir!r and Q(b) is a function of b, 
a • distance of closest approach of the counter ione, 
D ,. dielectric constant of the 118diua, 
1' • 1'empersture of the system, 
N "' Avogadro IIIIDlber, 
e = electronic charge, 
k = BoltZ~~&~~~~ coutaut. 
1. N,Bjerrum, Kgl. Danske Videnak. Selskab., L No.9 (1926). 
~ and z2 are the 111111.ber of cbarps on the two opposite ions, 
From the diaaociation constant the degree of dissociation was calculated 
uaiDg equation1 (2-32) 
where y+ is the mean molar aoti'Vity ooetticient of the ions. The 
aoti'Vity ooefi'icient tcma was naluate4 t1'0il the Debye Bnckel-relationahip~ 
log, y± .. -Ap.t I (l+Ba~ (2-33) 
where ~ = ionic strength, A and B are constants, <1.. can be e'V8luated 
from a precess of successive approld.llations, The '98lue of a was assumed 
0 -3 0 to be 2.5A and !d 1I8S found to be 1.1 xlO at 25 C, This '98lue of the 
diaaociation constant gave the rate constants shown in Table 2-:xxu. 
The '98lue of kp depends on the dissociation constant and this 
in turn depends on what '98lue is given to a in Bje1'1'1l1Jl1s equation (2-31). 
kf does not change very mu.ch 111 th 8111&11 cbanps in the 'Value of a, These 
conclusions are illuetreted in Table 2-mii. 
The BUlB of the ionic radii for Li+ and Br- is 2.55A0 l!. E-flma 
and SUgden4 ueed a ftl.ue of 3A0 for lithiUJB bromide, In aoJ.ution 
1. H.S.Harned and B.B.OWen, The Phyaical Chemistry of Electro-
lytic solutions, Reinhold Publishing Corporation, New Yorll:, N.Y., 1958, 
3rd Ed, P• 72. 
2, Ibid., P• 66, 
3, L.Panling, Nature of the Cbalical Bond, Cornell University 
Press, 2nd Ed,, 1948, P• 350, 
4. c.c.lmals and S.SUgden, J. Cheal. Soc., ~o (1949). 
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'fABLE 2-XXII 
Rate Constants tor Brolline Jlxcbanp ia Acetone Containing 
5% Methanol and o.!i% water 
57stem Temp. k kr Mean De'9iation p 
oc. -1 -1 l.mole sec. 
.;!:. 
* -0.84 :d0-:3 10.12 %10_, 0.39 :d0-3 p-I02c6H4~Br+L1Br 0 
* 0.66 :d0-2 22.10 :d0-2 0.83 :d0-2 p-H02C6H4~Br+L1Br 30 
* 1.92 %10-6 12.69 :d0-6 0.60 %10-6 p-H02c6H4~Cl+L1Br 0 
* 1.06 xl.0-4 7.09 :d0-4 0.29 xl.0-4 p-N02c6H4~Cl+L1Br 30 
TABLE 2-mn 
a K4 no
3(LiBr) k %102 lcf' :drl 
Ao mole 1.-l p -1 -1 l.mole sec. 
2.2 0.5 o., 23.2 
2.5 1.1 0.7 22.1 
2.8 1.8 -3.1 22.0 
Where there is solvation ot the ions, the correct value to be used is 
not known. !he value ot the diaaociation constant ie thus subject to 
great uncertainty. 
Brandatl'Olll ball reported some intereetizlg experiments in connection 
with the reactivity ot ions and ion pairs. 
In the al.ll;rlation ot ~-ketonic esters1, the alkali derivative 
is reacted with the al.ll;rl halide according to eq. (2-:34). 
-The reaction can be between ~COCHCOOCA and 1118thyl iodide or 
(2-:34) 
between eodio-acetoacetic ester chelate and methyl iodide. The reasons 
advanced by Brandetl'Olll2 tor poatulatiug the chelate as a reactant are 
the tollowillg. ib alkali metal deri. vati vee ot {3-diketonee form 
4-covalent cOIBpOUIIds with two 110leculee ot water, ethyl acetoacetate etc. 
Sllch COIIlpOUDds are h:l gbl y probable with al.ll;rl halides and alcohols 
though they are lees stable than with water. The tol'lllation of a 
4-co'ftl.ent coapoUDd with the eol vent i1 vee ri.es to a six 1118111bered 
riDB with a conJupted systaa s:lm:llar to benr.ane. The reeoD811Ce 
energy ot the conJupted eyatem stab1llses the chelate. It vas 
therefore considered that the undiesociated salt is present in the tom 
ot a chelate. 
lo A.Brandstl'Olll, ArkiT Kemi, Z, 81 (1954). 
2. A.Brandlltl'Olll, Ibid., 2, 155 (1954) 
If' (is the :f'raction of' the sodio-acetoacetic ester present as tree 
ion, then the rete of' alkylation can be expreseed by equations (2-7, 2-9) 
uaed by Acree and one can arrive at the rete constants k:r and kp. 
Brandstrom carried out kinetic exper:l.llents vi th e~l acetoacetate and 
metlv'l iodide in t-butenol at 25°C., and also betwaan ae~l acetoacetate 
and me~l iodide in aethanol at 25°C. ihe reBUlts are shown in Table 2-mv 
and Table 2-XXV. The second order rate constants show a gradual riae 
f'rom lithiwa to ceaium in t-butenol (D25 • 9.9) which is a solvent of 
low polarity. In methanol (D20 • ~~.1), the rate constant is almost 
the same f'or sodium, potaaaium and rubidium and is low f'or lithium. 
Addition of' sodium and potassium salta to the aethanolic solution did 
not alter the rate constants aigaif'icantly. Brandstrom concluded from 
the above data that the reaction is me1nl:y throllgb. the ion in methanol 
and u1nl:y throllgb. the chelate of' the aetal ion in t-butenol. He did 
not detemine the dissociation constant f'or the alkali e~l acetoacetate 
in either t-lnltanol or methanol • Hence rate constants f'or the free 
ion and the ion pair are not a'9ail.ab1e. 
Brandstroa1, honver, calculated the degree of' dissociation of 
the sodium and potasaiwa deri'llltives of' e~l acetoacetate in ethanol 
at 25°C. from the coDductance IIIB&8U1'aMilts of' 'Whi te2• In order to 
1. A.Brandstroa, Arld.v rat, ],!, 567 (1957); Ibid., ,ll, 51 (1958). 
2. E.'White, J. Chesa. Soc., 141~ (1928). 
TABLE 2-XXIV 
Bat. Coustants tor the Reactions ot Alkali Etb3'1 Acetoacetatea 
and Xe~1 Iodide in t-Biltano1 at 25°C. 
M (E~1 acetoacetate) ~ xlif 
1 1 - 111in - 1 .110 • • 
Li+ 2.05 
Na+ 7.25 
K+ 1:5.7 
Rb+ 18.0 
cs+ 20.6 
TABLE 2-XXV 
Rate Coustants tor the Reactions of uuu Xe~l Acetoacetates 
and Me~1 Iodide in Jlletbano1 at 25°C. 
k xJ.02 2 
1.1101e-1111n.-1 
M 
Li+ 0.99 
lla+ :5.70 
K+ :5.:54 
Rb+ :5.22 
+ 
N(cm,)4 :5.46 
log. 7 • -s {£c)t /~+2.:50:58~)~~ (2-35) 
(1 + 2.:50:5S~i 
= (2-36) 
y"' activity coefficient of the iODB, 
s .. :U.IIi:tiuc slope of the Debye-liuckel equation. 
The specific rate for the reaction between the metal etb;rl aceto-
acetate and metb;rl iodide in ethanol VIIS slao detel'lllined by Brandatrom2• 
1he reaultiuc val.uaa of kf and kp are given in Table 2-XXVI. 
M 
K 
Bate CODBtante for the lleaction of Metb;rl Iodide 
and (!r+Etb;rlace~tate) in Ethanol at 25°C. 
0.117 
0.120 
0.083 
0.102 
1. H.PJrarahal and B.Gru.uvald, J. Ch811. ~., -'1. 2143 (1953). 
2. A.Brandatrom, Arld.T Xemi, .U, 567 (1957); Ibid., ,ll, 5l (1958). 
b ¥••ent in the rate conatant ia wry good tor the tree ion kt• 
+ + !he 'VBl.uea ot kp differ troa Na to X • lor the cue ot 11 thiwa, 
calculations were not lllade because cOIIducti'ri.ty data were not available. 
Bralldstrom1 baa stated that in the DiE'Qkm•nn condensatiora, eq. (2-38) 
which ia catalyzed by aodiwa etho:d.de in ethanol, the entire reaction 
is by the ion pair and the tree etho:d.de ion has no raaoti'Vity ot ita Ollll. 
OM 
' 0~ COOC2H5 + C2H50H y.' \2-38) 0 
Equation (2-9) 1188 applied to the above caaa and when k.j(l-dJ W&ll 
tabulated tor different concentrations ot alkali etho:d.de, it 1188 :f'ound 
to be constant, indicating k[~v • 0. b second order rate constant 
variaa considerabl¥ with the concentration ot alkal:l etho:d.de. Potassium 
etho:d.de yields a rate two and a halt times greater tban li thiwa etho:d.de 
and aodi'llll etho:d.da ia intel'lll8diate. !!18 author has not expl.sinad vb;r 
the entire reaction ahoul.d go through the ion pairs, apart :f'rom 
stating that a chelate ot the eater w1 th the •tal ion ia possible. 
!!18 reaulta are aho1lll in ~ble 2-XXVII. 
The degrees o:f' diaaooiation tor different concentrations o:f' the 
etho:d.dea in alcohol were recalculated by Bralldstrom2 :f'rolll experimental 
1. A.Brandatrom, A11d.v Kemi, .U., 527 (1957). 
2. A.Brandatrom, Ibid., .U., 567 (1957) 
,, 
TABLE 2-XXVII 
Rate Constants for the Diec!ntann Conden~~ati.ona 
Eater MOC2~ k:! ..(. k/(1-d.) 
aole 1:1 -1 mole 1. -lun-1 1.11018 • l.mole -l•izl;1 
LiOC~ 0.2500 0.:5956 0.0532 0.212 0.0675 
0.2500 0.1978 0.0470 0.296 0.0668 
0.2500 0.0989 0.0427 0.390 o.rnoo 
la.OC2~ 0.2500 0.4008 0.0955 0.:544 0.1456 
0.2500 0.2004 0.0818 0.4:59 0.1458 
0.2500 0.1002 0.0689 0.527 0.1457 
xoc~ 0.2500 0.4C116 0.1068 0.:596 0.1768 
0.2500 0.1974 0.0917 0.474 0.174; 
0.2500 0.0247 0.0526 0.704 o.1m 
values of Robertson IUid J.Dree1 IUid Jonea IUid Haghes2• He made uee of 
Ollsapr's equation coupled with lfarahal IUid Gl'U!lvald's:5 fol'IIUl.a for 
the acti 'ri. v coefficient of an ion IUid obtained d. by the aetbod of 
successive appronutions. Apply:LJ!g theM IIOdified values of o'.. to 
tbe C&88S of kinetics stlldied by l.tlree IUid his collaborstors4, he 11811 
able to produce a new aet of values for the rete conatants of the fr88 
ions IUid the ion pairs. h new values iJidicate that in tbe fol'lll&tion 
of ar,rl ethera, tbe ion peirB of aetal phenoxides do not contribute 
to the :reaction. In the case of ethoxides, tbe ion pairs contribute 
significantly. TheM conclusions a:re doeulaented in Tables 2-IV and 2-V. 
Olson ui Simonaon5 etlldied the reaction, eq. (2-:59), of 
solution by apectrophotometr,'. 
[2 Co(:R~)~ ]* + lfg* + 2 ~0 -')2 [_Co('Bii;)~q+++ + HgBr2 
(2-:59) 
1. H.C.Robertson and S.F.Acree, :I. Ph1'&• Cham., ~ :581 (1915). 
2. G.E.M.Jonss and O.L.Haghee, J. Chaa. Soc., 1197 (19~). 
:5. H.P.Marsbal and E.Grunwal.d, J. Chaa. Ph;rs., ~ 214:5 (195:5). 
4. E.K.Marsball and S.F.Acree, J. Pb;rs. Cham., J.!l, 589 (1915); 
J.H.Shroder and S.F.Acree, J. Chaa. Soc., 2582 (1914); H.C.Robertson 
and s.:r.Acree, J. Ala. Chell. Soc., X. 1902 (1915). 
5. A..R.Olson and T.R.Simonson, l. Chaa. Pb;rs., ZJ.., 1167 (1949). 
The7 found that the specific reaction rate is a flmction of the 
concentratioD of eome particular ion in solution and not a flmction 
of the ionic strellgth. In the abow case, the rate cOilStant is a 
flmction of the negati w ion, ( ClO 4-). 'l!bia observation is not in 
" 1 agreement with Bronsted's theory of reaction rates which is usual.ly 
cOIIIbined with the Deb;ye..Huckel equation for the activity coefficient. 
" Bronsted's theory includes a kinetic activity factor faf/!*, where the 
t•a are actiT.I.ty coefficients. Accordi.ng to the Deeye-Hnckel theory 
the activity coefficient is a flmction of the ionic strellgth. 'l'herefore, 
the experimental obaervationa conflict with the theory. 
Olson and S:iJaonaon r&fi'I'JIJ!!'!ned 110118 of the reactions, equationa 
(2-40) to (2-42) that haw been quoted in support ot the Debye-Hu.ckel 
theory and found that in all cases better agreement was obtained when 
the reaction na considered to depend on the concentration of one 
particular ion rather than the ionic strength. 
NOt•NcOoc2~ + off" ----7> 12o + co;- + cAoH 
[eo(~)~++ + o'fi t (Co<~)5o~++ + Br-
~Br coo-+ s2o;--~ ~s2o3coo-- + Br-
(2-40) 
(2-41) 
(2-42) 
In (2-40) the specific reaction rate na found to depend on the 
positiw ion K+, L:i+ and Na+, in (2-41) on the negatiw ion Cl-, Br- etc., 
and in (2-42) on the concentration of the positiw iolls. Thus the 
reactiona depend on the concentration and character of •- particular 
1. J.N.BrOusted, Z. Ph,Jaik. Chan., ~ 169 (1922); !lit 3'57 (1925). 
ion in solution and not on the ionic stre!lgth. Olson and Si!I!()Daon 
argued that either Bronsted's theor,r ia at fault or the Debye-llilckel 
equation is not correct. 
'nley found that it is possible to express the kinetic 4ata 
by an equation of the fom indicated in (2-4:5). 
k = (k0 + m p x)/(1 + p x) 
where k = specific reaction rate at some concentration of the reactants, 
k0 is the specific rate at some low concentration of salts and reactants, 
m and p are adjustable constants and x is the concentration of' the 
partioular ion which influences the rate. 
At inf'inite dilution the second tem becomes zero. This was 
considered by the authors as the contribution to the reaction by some 
associated complR (whose nature is not defined). 
Wyatt and Davies1 haw considered reaction (2-42) and are of the 
opinion that it is not necessaxy to discard either Br8nsted's theory 
of' reaction rates oi' the Debye-Huckel equation which requires the 
specific rate to be a :f'unction of the ionic strangth. They are of the 
opinion that the reaction is complicated by the presence of ion pairs 
8Ild if allowance is made for their contribution to the reaction rate, 
then the system falls in line with those which obey the Debye-Hu.ckel 
equation. They presented equation (2-44). 
1, P.A.H.Wyatt and C.W.Davies, Tr. Faraday Soc., ~ 775 (1948). 
dx/dt = k1(s2o3)- (BrAcr f 2f1 I f 3 + k2(Ns2o3)(BrAc)-
+ k4(Hs2o3)(MBrAct + k3(s2o3)-- (!wrAc)+f2 (2-44) 
and assumed that k4 (HS2o3) (HBrAct ~ 0. 
M =bivalent cation like Ba++, ~· k2, k3 and k4 are the rate constants 
for the four different pairs of reactants. f 1 , f 2 and f 3 are the 
mean activity coefficients for uni, bi and trivalent ions. The terms 
arise out of Bronsted's kinetic factor and the acti;~ty coefficient 
of the activated complex is taken as equal to that of an ion t-ri th the 
same charge • 
The various association constants1 were calculated for !1 = Ba ++ 
from the solubilities in water. Similar analysis of the kinetic data 
was carried out for the calcium salts. 
In the reaction of bromopentammine cobaltic ion and hydroxide 
ion, it was claimed by Olson and Simonson2 that the plot of specific 
_L 
rate vs l'- 2 gave tt<O different curves trith sodium bromide and sodium 
~ 
sulfate as "inert" salt. Davies and \iilliams' pointed out that the 
bromopentammine cobaltic ion forms an ion pair with the sulfate ion 
and does not form an ion pair with the bromide ion. Therefore when 
sulfate ions are present the reaction of me ions are mostly >ri th 
ion pairs and the rate constant for the ion pairs is different 
from the rate constant for the free bromopentammine cobaltic ion 
1. C.vl.Davies and P.LII.Wyatt, Tr. Faraday Soc., 12_, 770 (1949). 
2. LR.Olson and T.R.Simonson, J. Chern. ?hys., 1J.., 1167 (1949), 
3. C.'ti.Davies and I.vi.Williams, Tr. Faraday Soc., ,21, 1547 (1958). 
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with OH- ion. Hence, tile plot of specific rate VB ~will not be 
tile sue tor sodium bromide and sodium sulfate when used as "inert" 
salt. 
Olson, Frashier and Spietll1 detel'llined tile rate of racemization 
of tile dimethyl ester of 1-bromosuccinic acid in acetone in tile 
presence of 11ill'llm bl'OIIi.de at 24.9°C. 'l'he specific reaction rate 
depends 1lpOI1 tile concentration of tile 11 illlilll bromide and tile ester. 
At high ester concentration if tile lopritha of tile rotation is plotted 
against tile tilll8 in tile usual 1fQ a straight line is obtained and 
tile reaction is pseud.ou!l:imolecular. At constant ester concentration, 
tile specific rate crud be expressed by eq. (2-45). By 1:a!dnc the 
diBSOCiation constant of 11 tiliUIIl bromide in acetone2 as 3.6 xl0-4, tile 
'ftlues of tile rate constants were calculated. No acti vi t;y coefficients 
were used. 
(2-45) 
i!l.e results are shown in Table 2-XXVIII. i!l.e values of kf and kp 
were not given. It was simply stated by the authors that ti1ey cOilld 
be calculated. 
In tile presence of a large excess of 11tilium perchlorate, tile 
specific reaction rate is reduced which is in agreement with tile 
above expression. L1 ilium perchlorate is about ten tilaes as strong 
1. A,R,Olson, L.D.Fraehier and F .J .Spieth, J. peys, ChB!Il,, 55, 
860 (1951). -
2. c.A.Kraus and w.c.:sray, J. Alii. Cham. Soc., ~ 1315 (1913). 
'• 6J 
an electrolyte as lithium bl'OIIide in acetone. 'lbis fact vas ascertained 
by the 11188B1U'8l18nt of electr.l.cal conductivity of lithium bromide and 
lithium perchlorate in acetone. At large concentration of lithium 
perchlorate the dissociation of lithium bromide is euppreseed and 
practically does not change at all with the change in the concentration 
of lithiUII bromide and the specific rate adheres to eq. (2-46), 
which is shown in Table 2-mx. 
TABLE 2-XXVIII 
Dependence of Bate of Bacllllization of Dimethyl Ester of 
1-Bromoeuccinic Acid on LiBr Concentration. 
Concentration of Ester .. 0.1~ H.; 0 t "' 24.9 c. 
LiBr x103 kj_ x103 (Ezp. ) k\ :U03(Cal.) 
-1 min.-1 min.-1 1110le 1. 
0.05179 0.2746 0.2656 
0.2590 1.021 1.026 
0.5179 1.703 1.717 
2.590 5.00 5.10 
7.768 10.36 10.36 
12.95 14.59 14.44 
TABLE 2-X.UX 
Dependence of Rate of Racemization of Dimethyl-1-bromo-
succinate on LiBr Concentration at Constant Lithium Per-
chlorate Concentration of 0.4271 M. in Acetone 
Concentration of ester 0.1348 M.; t 0 = 24.9 c. 
LiBr x 103 kl 1 x 103(Exp.) k1 1 x 10
3(Cal.) 
-1 . -1 . -1 mole 1. nun. nun. 
2.590 0.450 0.452 
5.179 0.914 0.903 
1 Bevan and Monk investigated the kinetics of reaction of n-propyl 
bromide and thiosulfates, eq. (2-47). 
(2-47) 
I The sol vent >ms 44;., aqueous ethanol. To prevent the reaction of 
the thiosulfate and the acid produced by the hydrolysis of the 
propyl bromide, the solution was buffered with sodium acetate. The 
thiosulfates of sodium, potassium, calcium, strontium and magnesium 
were studied. The concentrations of free ions were calculated from 
the known dissociation constants2• The dissociation constants for the 
alkali and alkaline earth metal thiosulfates were determined by the 
method of conductivity. In evaluating the limiting conductance, 
~1sager's equation and the Debye-Huckel activity coefficient equation 
1. J.R.Bevan and C.B.Monk, J. Chern. Soc., 1396 (1956). 
2. J.R.Bevan and C.B.Monk, Ibid., 1392 (1956). 
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were emploJed. The reaction wu fOII!Id to be purely between the s2o-,-
ion and the organic brom:l.de. The data ere aumarized in Table 2-XXX. 
!!'ABLE 2-XXX 
Reactions of n:d.oaulfates with D-ProPTl Brom:l.de in 
44% Aqueous Ethanol at 25°C. 
- 4 s2o., x10 n-c~ llaAo uo
4 1~ 1o"xA 
mole 1.-l 104mo1e 1:1 mole 1.-l -1 -1 l.mole sec. 
Na2s2o., 7.94., 4.217 1.25 9.44 10.15 
15.62 8.4~ 2.5 9.05 10.30 
52.62 44.,.1 50.0 5. 7., 10.30 
K2s2o., 10.26 5.164 1.0 9.12 10.15 
MgS2o., 6.984 .,.42., 0.2 6.88 10.30 
eas2o., 525.0 44.,.1 50.0 -,.sa 10.45 
SrS2o., 10.47 5.0-,6 0.50 5.-,s 10.30 
The constancy of kz"o<. rules out reaction between n-pl'Op71 b1'0lllide and 
:saS2o; and KS2o;, where tt is the fraction of MS2o., present as s2o.,-. 
Reinheimer, Kieffer, Frey, Cochran and Barr1 investigated the ealt 
effact in an lll'CIIatic macleoph111c substitution reaction. 2,4-dinitro-
cblorob811111!118 was reacted in Mthallol at 24.90°C. with the metho:rldes 
of 11 thi'Wil, sodiu and potassilllll both in the presence and absence of 
added salts. The results suaar.i.zed in 'fable 2-XXXI show that the 
1. J.D.l!einhsilller, V.l!'.Xi.effer, S.V.Fre;y, J.C.Cochran and E.W.Barr, 
J. Am. Cheal. Soc., !!Q., 164 (1958). 
specific ratea are in the order ~OK > ~Oia > ~011. 
The salt effects can be divitied into three groups. In the case 
ot 11 thium 11111thold.de, addition or sodium and potassium salts increases 
the rate; the addition of potassiua salte increases the rate for the 
case of aodia 11181:hold.de; lithiua Alte decrease the rate of reaction 
in all caaes; sodium salts decrease the rate in the case of potassium 
111111:hold.de. .Addition of sodium salts does not alter the rate '9817 11111ch 
in the case of sodium methold.de. 
Rate Constants for Reaction of 2,4-DiDitrochl.orcbenzene and 
~ in Methanol at 24.90°C. 
Li 
Na 
X 
k x1o3 -~ -1 1.1110le sec. 
2.41 
2.61 
These observations were rationalised b:y the assumption that the 
ionophores are incompletel:y dissociated and the ion pair and the free 
ion haft different rate constants. 
On the above aesumption, it the addition of sodium salts is not 
to have ll!l7 effect on the rate of 11110leophilic substitution by Na~ 
the rate constants tor the free ion and the ion pair IIUSt be equal, 
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the dissociation of sodium methoxide and decreases the concentration of 
free ions and increases the concentration of ion pairs, if kf) kp the 
rate would decrease. If kf<kp the rate would increase. Since it does 
not change much kf ~ kp. 
In the case of lithium methoxide, the ion pair has the smallest 
rate constant. According to the authors, addition of sodium or potassium 
ions produces a competition between Na+ or K+ and Li+ ions for OMe-
. 
and the 'mixture behaves as though it is a mixture of LiOl~e and Na0!1e 
or KOMe. Since Li+OMe- ion pair has a smaller specific rate than either 
OMe- or any other ion pairs, the decrease in the concentration of Li+OMe-
and consequent increase in the concentration of the more active species 
increases the rate. 
For the case of potassium methoxide, the ion pair was assumed to 
be more reactive than the free ion. Then, when potassium salts are 
+ -added to sodium or lithium methoxide, the K mle formed being more 
reactive accelerates the reaction. 
Thus the concept of the reactivity of ions and ion pairs accounts 
for the observed variation in the specific rate when different ionophores 
are used and also when neutral salts with and without a common cation 
are added. However, the degree of dissociation of the alkali methoxides 
were not determined and the specific rates for the free anion and 
ion pairs were not calculated. The study is qualitative and interesting 
from the point of view of the influence of the cation in aromatic 
nucleophilic substitution. 
So far a llQIIIber of reactions in a 'ftri.ety of eolVllllta have been 
examined for evidence for the reacti \11 v of ion pairs in nucleophUic 
substitation reactiona. All that one can eay about the reactivity of 
the aseociated part of the electro17te. is that there is clear and 
definite e\lidence that the ion pairs are effective in BOlle nucleophilic 
substitution reactions but usuall7 to a lesser decree than the free ions. 
Hecht, Conrad and Bruclaler•s1 data showed a distinct dependence 
of the rate constant upon the concentration of the ionophore. But they 
did not advance any reaeon for the kind of dependence that was noticed. 
Acree, Marshal, Ropra, Harrison and l'lyers2 studied several types 
of reactions to establish the reacti\lity of the associated part of the 
electrolyte in m.tc1eophilic substitution reactions. Their results shov 
that in most cases where free ions and ion pairs are present together 
in appreciable quantities both the tree ions and ion pairs contribute 
to the total specific rate of the reaction. The contribution of the 
ion pair is DOt insignificant. The specific rates for ion pairs 
var,y :trem 1()()1% to 10]£ of the rate constants for the free ions. In 
spite of these evidences the conclusions of Acree and his coworkers 
have been questioned b;y many later workers. 
1. W.Hecht, M.Conra4, and C.Bruckner, z. peysik. Chem., ,2., 289 (1890). 
2. S.F.Acree and J.JII.Joluulon, Am. Chem. J., :58, 258 (1908); 
lf.Rogers and S.F.Acree, Am. Chem. J., ~ 116 (1913J'; H.C.Robertson 
and S.F.Acree, J. Am. Chem. Soc., :!1_, 1902 (1915); J.H.Shroder and 
S.F.Acree, J. Chem. Soc., 2582 (19ID; E.K.Marshal and S.F.Acree, 
J. Phys. Chem., l!l, 589 (1915). 
The most important aspects or the study in establishing the 
reactivity or the ion paire are (1) the determination or the degree or 
dissociation or the electrolyte at the experimental conditions or 
temperature, solvent, concentration and other substances and (2) the 
kinetic study. 
Acree and his coworkere have followed the kinetics or the reactions 
by standard methods and they are fairly reliable, The a(. values were 
determined by conductance measuremants,1 i.e,, d. = t where .Jv.s 
the equivalent conductivity of the electrolyte. .A.,. was determined 
experimentally for the alkali ethoxides in absolute alcohol by measuring 
the equivalent conductivity or the 110st dilute solution that could be 
measured. Conductivity measurements were made only at three temperatures 
i.e., 0°, 25° and 35°C, and for other temperatures ~ was calculated by 
interpolation and extrapolation. It is 11011' known that d. calculated 
by such a simple procedure differe considerably from the values 
calculated using modern methods involving Onsager's equation or 
Shedl.ovak;y's equation2, Brandstrom3 has actually carried out such a 
calculation and has arrived at results which differ in some cases and 
agree in othere with the results or Marshal and Acree. Using the same 
1. H.C.Robertson and S.F.Acree, J, Phys. Chem,, 1,i, 381 (1915). 
2~ T.Shedlovalcy, J, Franklin Inst., 225, 742 (1938). 
3 • .t.Brandstrom, Ark:!.v Kemi, 1J.., 567 (1957). 
kinetic data but hie own calculated values of d.. , Brandatrom finda that 
the allralj phenoxl.de ion pairs do not show any reacthity in the formation 
of aryl ethers while Acrse found the ion pairs to be significantly reactiw. 
In the reaction of alkali ethoxl.dee to fom alkyl ethers and in the 
ethylation of sodium-l-pheeyl-:5-tbiourazole both agree appro:timately 
on the magnitude of the rate constants for the free ions and the ion 
pairs. 
The solutions employed for the study by Acree and coworkara were 
far froa ideal. They were very concentrated, their concentrations 
ranging from 0.5 M. to 0.01 M. of the alkali ethoxl.de in alcohol. 
In the cue of ethoxides end pheno:d.des the values of kp were 
usually in the order KOR > NaOR > LiOR. This parallels the sequence 
of ths dissociation constants of the ionophores. Yet, it is often 
found that the order is inverted. (Table 2-V). No explanation has 
been offered end it is possible that the o{ values are inaccurate. 
In the case of o-dini trobenzene and :traOR, the reaction was 
studied in ethanol at 45°C. (Table 2-X). i'he data were presented for 
both sodium methoxl.de end etho:d.de. Sodium metho:d.de equilibrates with 
ethanol in solution and the values of the rate constants for the free 
ion end the ion pair are not valid for the cue of sodium metho:d.de. 
The same is true for the cue of 1,2,4-dinitrobromobenzene in absolute 
methanol with sodium etho:d.de. 
In the study of the benzoin condensstion catalyzed by potassium 
cyanide it was assumed that ol values for potassiUIII cyanide between 0.4 M. 
and 0.05 M. in 66% alcohol remain unchanged. On account of such 
assumptions the analysis of the experilllental data and the values of the 
rate constants for the free ion and the undissociated molecule are 
not reliable. 
Hardwick~ Woolt'! and Mitchell;! concluded that the reactivity of 
the ion pair is negligible in nucleophilic substitution reactions where 
aryl ethers are formed by Williamson's reaction. In order to determine 
d. tor the alkali pheno:d.des in alcohol they carried out conductivity 
measw:ementl!o Hardwick and Woolf plotted ~VB 1/..f. and utrapolated 
the curve to obtain ..A...t M:l. tohell plotted log.llyva 1/v+ to obtain .A,., 
<>i, was obtained from the relation <4 = .A.,... The measurements were made 
at three temperatures i.e. 0°, 25° and -A;oc. and the values at other 
temperatures were calculated ma!dng uee of a temperature coettioient 
which was calculated from the experimental data. In order to prevent 
alcohol1&1s, a high concentration of the phenol was maintained in the 
conduoti v.l. ty experiments and also in kinetic experiments. However, 
their conclusion that in the formation of aryl ethera the ion pairs 
1118Zlitest no reacti v.l. ty agrees with the conclusion or Brandetrom after 
his recalculation or the rate constants from Acree's data. The solutions 
employed by Hardwick, Woolf and Mitchell were also very concentrated. 
1. P.J.Hardwick, J. Cham. Soc., 141 (1935). 
2. s.s.woolf, Ibid., 1172 (1937). 
3. J.A.M:I.tohell, Ibid., 1792 (1937). 
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In the exchange of bromine bet>men n-butyl bromide and lithium bro-
mide in 9o% acetone LeRoux and Sugden1 found the reaction to be simple 
second order. 2 HcKay observed the rate constant to be a function of 
the concentration of sodium iodide in the exchange reaction bet><een 
ethyl iodide and sodium iodide in ethanol. He did not determine the 
cL values and it is not clear 1ihetl!er it is an ion pair effect or an 
ionic strength effect. 
The results of Evans and Sugden3 are more reliable. The concentra-
tion dependence of the rate constant has been investigated over a ><ide 
range of concentrations. Also in the calculation of d.. by conductivity, 
Onsager's equation ><as used. In calculating the activity coefficients 
+ -
of the ions, a, the distance of closest approach of Li and Br was taken 
to be 3 A0 • This is slightly larger than the sum of ionic radii for 
LiBr, but it does not produce serious discrepancy in the calculation 
of c(. values. 
Bowers and Sturtevant4 calculated ~values for litr~um bromide 
in acetone containing 5% methanol and 0.5% water using Bjerrum's 
equation for the dissociation constant. One can only obtain a rough 
magnitude of the dissociation constant from Bjerrum's equation and 
1. L.J.LeRoux and S.Sugden, c. Chern. Soc., 1279 (1939). 
2. H.A.C.l1cKay, J. Am. Chern. Soc., £2., 702 (19~-3). 
3. C.C.Fva.ns and S.Sugden, LT. Chern. Soc., 270 (1949). 
4. S.D.Eowers and J.~l.Sturtevant, J. P.m. Chern. Soc., ll• 4903 (1955). 
tor accurate values it is not a auitable Mthod. Besides, the 
dissociation constant Kd is highly subject to the value of a, the distance 
of closest approach of two opposite ions. In a solvent tlle size of 
the ions and the distance between them cazmot be predicted accurately 
and therefore there is an uncertainty in the calculation of the dissoci-
ation constant. As the authors haw pointed out the value of k is p 
highly sensi ti w to the value of a and can var,y vi thin vide limits 
while the value of kf is not dependent on a. 
Rate constants for ~ ons S)'Bt• in aewrsl solvents are not 
available. It is therefore not possible to draY conclusions about 
the influence of the solftllt on the ratio of k/kp. 
None of the earlier workers haft tried to differentiate between 
ion pairs and covalent molecules in studying the reactivity of the 
associated part of the electrolyte and the tree ions. In that sense, 
the reactivity of the ion pair has not been established unequivocally. 
From the early work it is not possible to predict hoY purely electrostatic 
association modifies the nucleophilic reactivity of an anion. Since 
electrostatic association can be of different degrees as in Bjerrum.'a 
ion pairs, their chemical reactivity can also be different. The ion 
pairs counted by conductivity me88UlWUI!lts ~not be identical with 
the ion pairs which take part in chemical reactions. These facts have 
not been seriously considered by the previous investigators. 
The research described in thia dissertation was undertaken to 
Sll8Yer 1101118 of the questions which haft been raised above. 
III. EXPERDIIm'.r.AL SECTION 
Choice of Sl!tem 
The experimental probl811111 881109iated 1li th a study of the kinetics 
of bromine exchanee between p-nitrobens;rl bromide and MBr62 in liquid 
sultur dioxide are described in this section. Since the purpose of this 
inwatigation vas to explore the influence of' the counter ion on the 
nucleophilic activity of an anion, the suitability of the system for 
the purpose in view is discussed below. 
§oly!nt 
Liquid sulf'llr dioxide is an interestillg ionizing solvent. It 
can be obtained in a ve17 pure state. Between 0°C. and -75°C. it can 
be handled in a ftC11UIII system very conftnientl.y. It is capable of 
dissol 'Ving ll8llY organic and inorganic substances. Pure liquid sulf'llr 
dioxide acts as a '9ll1"y weak electrolyte. It probably ionizes as1 
The ionization is similar to that of water, Electrolytes dissociate 
in liquid sul.f'llr dioxide to give ions and conduct electricity. Recent 
experiments by Norrii on the exchange of s35 between so2 and soc12 
haw thrown some doubt on the above mode of dissociation, 
1, G.Jander, Die Chemie in Wasserahnl.ichen Losungsmitteln, 
Sprillger, Berlin, 1949, P• 209. 
2, T.H.Norris, J, Pbya. Chem,, .§l, '38'3 (1959), 
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Ionophores 
Potassium bromide was chosen because ita dissociation constant in 
liquid sulfur dioxide is known accurately at several temperatures bet-
ween o0c. and -25°C. Besides, potassium bromide has a moderate 
dissociation constant so that it is possible to obtain a large range 
of degrees of dissociation within an accessible range of concentrations. 
Sodium bromide, lithium chloride, sodium chloride and potassium chloride 
are not sufficiently soluble in liquid sulfur dioxide to permit kinetic 
experiments 1fi th them to be perf'ol'IISd accurately. Though potassium 
iodide would have been a good choice, the use of organic iodides would 
probably have caused some trouble as will be shown in the following paees. 
Among the tetraal.lcylammonium salta, tetra-n-propyl11111111onium bromide and 
tetra-n-butyl Mdum bromide were found to be slightly soluble in 
toluene, hexane and anisole. The solubility of these salta caused 
dif'f'icul ty in the separation of ionic bromide end p-ni trobenzyl bromide 
by extraction of a toluene solution of the two COIIlpoundB with water. 
Tetrsmeteylammonium bromide and tetreeteylammonium bromide were found 
to be quite satisfactory. 
p-NitrobMW I!rnmi de 
Nucleophilic substitutions are often accompanied by elimination 
reactions. In order to exclude the possibility of a simultaneous 
elimination reaction, a substituted benzyl bromide was used. The intro-
duction of a nitro group in a poei tion para to the bromomethyl group 
diminishes SN1 reactivity and promotes Sll2 reactivity. 
Genera! Description of Exptpmts 
The reaction, the kinetics of which vas studied in the course of 
this inwstigation, is represented by equation (,_1), 
\, 
(3-1) 
where MBr is the ionophore and M = x+, <ca,)4N+, (Ctrs)4N+ or Li+. 
Reaction (,_1) is a simple isotope exchange reaction. The kinetic 
expression which is applicable to reactions of this kind was deri. wd by 
McKsl and a slightly modified fo:m of it is equation (,_2), 
Ret (A+ B) /2.?/J3 AB =-log. ~ - (A+ B )F/A] (3-2) 
where R is the gross rate of exchange, A and B are the molar concentra-
e 
tiona of p-nitrobenzyl bromide and MBr82, F is the fraction exchanged 
and is equal to x/B where x is the amount (in moles per liter) of Br82 
82 . 
of MBr transferred to p-ni trobenzyl bromide in time t. 
In order to measure the gross rate of exchange Re one has to know 
the quantities A, B, t and F. A and B were detemined by dissolving 
known amounts of RBr and MBr82 in a known volwae of the solvent. Since 
MBr82 was the only radioactiw substance initially, the activity of MBr82 
is proportional to ita concentration, i.e., B. Since one atom of Br82 
1. H.A.C.MciCs;y, Nature, ~ '!HI (1938); J. Am. Chem. Soc., §2., 
702 (1943). 
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is transferred from MBr82 to p-nitl'obenzyl bromide according to eq. (3-1), 
the activity acquired by p-ni tl'obenzyl bromide after a time t is pro-
portional to x, the 8lll01lllt of Br82 exchazl&ed. Hence x/B = F = 
activity of RBr/total activity. The actnal experiments consisted of 
(i) Preparation of MBr82 
(ii) carr,ying out kinetic runs and 
(iii) measurement of redioacti vi ty at def:l.ni. te time intervals. 
Pr!paration of pr82 
Radioactive BIIIIIIOnium bromide vas prepared by irradiating pure 
!IIIIIIOilium bromide with neutrons in the atomic pile. 
Ni tl'ogen and eydrogen have very small neutron cross sections and do not 
absorb aey significant amount of neutrons. Bromine produces two radio-
active isotopes of mass numbers 80 and 82. Br80 has a much shorter 
half life :than Br82 and deca;ys completely in one to two deys. 
The ammonium bromide vas converted to potassium bromide by reaction 
of the former with potassium eydroxide. The potassium bromide vas 
pur.l.fied by crystallization. 
Radioactive potassium bromide can also be prepared by irradiating 
pure potaasium bromide directly. In that event potassium also becomes 
radioactive. The activity and concentration of 00 is negligible. But 
the activity of lf2 is considerable. However, lf2 has a half life of 
12.5 hours whereas Br82 has a half life of 35.9 hours. If the sample 
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is IIISde strongly radioactive and allowed to stand for at least six days 
then all the x42 deca;ys almost completely and the remaining acti vi t:y 
will be that of Br82, Some. 88Dlples of potassium bromide were pre-
pared in this way, 
The bromine in tetramethylllllllllonium bromide and tetreeth:ylammonium 
bromide was rendered radioactive by subjecting these compounds to 
neutron bombardment. After bombardment they were purified, 
Ki n•tic BllnS 
The kinetic Z1U18 were carried out vi th the aid of vacuum 
techniques. Liquid sulfur dioxide was collected by condensation of 
the gas, degassed to remove diseolved oxygen and further purified by 
distillation. Its wlume was measured at 0°C, in a calibrated buret. 
It was next distUled into the reaction vesael containing weighed 
amounts of reactants in separate arms, It was assumed that the wlume 
of the solvent is equel to the volume of the solution. Since the 
concentrations of the solutions were very low (rarely more than 0.01 M. 
in each of the reactants) this assumption is justified, 
After equilibration of the reaction cell in the thermostat, the 
reactants were mixed and the time of mixing was recorded. 
At regular intervals (18 to 24 hours) aliquots of the solution 
were removed under the pressure of sulfur dioxide itself into an 
evacuated vessel containing toluene cooled to -~°C, This operation 
quenched the reaction by precipitating the potassium bromide while the 
p-ni trobenz:yl bromide remained in solution, 
Mfur dioxide dissolves in toluene. It vu expelled from the 
solution by a current of nitrogen. 'l'he toluene vu extracted with tour 
or five portions of water to remow all the potassium bromide. Thus 
all the potassium bromide was transferred into water leaving the 
p-nitrobenzyl bromide in toluene. Both the water and toluene solutions 
we:r. diluted with respective solftnta to emctly 200.0 ml. in volumetric 
fiaaks. 
The radioactivity vu meaaured by counting equal volumes of the 
solutions of p-nitrobeutl bromide in toluene and potaaaium bromide in 
water. A geiger tube with a jacket vu used in conjunction with a scaler 
which automatically registered the counts. Corrections for background 
radiation and decq were applied. By using the same geiger tube and 
jacket for both the solutions the same geometry vu maintained. By 
separate experiments it was first proved that no corrections need be 
lll&de for counting in the twc different solftnts. Since F is a ratio 
ot twc concentrations it is not necenar,y to count the entire portions 
of the solutions. From the 'VIIl.ue of A, B and Re (the gross rate of 
exchallge) the rate constants tor the free ion and the ion pair were 
calculated. 
DISCUSSION OF ME'l'JJODS 
Preparation of Rad!oacti ve pi d!s 
Ordinary bromine is for the most part a mixture of two isotopes 
of mass llUDibers 79 and 81. When it is exposed to s neutron beam, neutrons 
are captured by bromine atoms to g:l. ve two different isotopes of masua 
80 and 82. 
Br80 has two nuclear iaoraers of half lives 18 minutes and four 
and one half hours. Br82 has a half life of 35.9 hours. 
For followiDg slow chemical reactions which have half lives of 
. 80 
ths order of one hundred hours or more, Br which has a short halt 
life is not suitable. After about forty ei8ht hours almost all Br80 
will haw dec~d. The radioactivity :ru•1n1rJC at this time is entirely 
that o:r Br82• 
Br00 and Br82 are both beta and gamma ray emitters. Br82 emits 
bets rays of 0.465 mev. energy and gamma rays of 0.535 to 1.450 mev. 
energy. 
A convenient source o:r neutrons of high intensity is ths atomic 
reactor. The atomic reactor of ths Brookhaven National Laboratory, 
where this inwstigation was carried out had a neutron flux of about 
_1:;> -2 -1 5 xl.o-- Cillo sec. 
Radioactive Potassiwp Bromide 
Preparation of Bad,ioactiw Potassium Bromide: 
Method I 
Ammoniwp bl'OIIIide vas irradiated by neutrons to obtain radioacti '98 
•ll!!looiwp bl'OIIIide. After about forty eight hour8 of storage in a lead 
box, the ammoniwp bl'OIIIide was dissol'ftd in water and treated with 
concentrated potassium hydroxide to liberate SIIIIIIOnia. The a!I!IIIO!li a gas 
was expelled by boiling and the solution was acidified by pure hydro-
bromic acid. It was again boiled to expel excess hydrogen bromide 
and the potaasiwp bromide was crystallized f%'0111 aqueous solution. It 
vas dried at l25°C. for two hour8. 
Method II 
Potassium bromide was irradiated by neutrons to obtain radioactive 
potassium bromide. It was stored for at least six days in a lead box 
to pemi t 0"2 to decey almost completely. '1'he substance was crystallized 
from water and dried at l25°C. for two hour8. 
§[11ut:.£balmm Efitct1 in the Ptepar&tion of Potysium BroJiide: 
Neutron capture by a bromine atom is accompanied by emission of 
energy. The emission of energy produces a recoil of the atom in the 
compound f%'0111 the rest of the molecule. If the energy of recoil is 
l. H.A.C.McKay, ffcl'f. Phy!icP, Vol. 
1950 • 
"The Szilard-IJh•lmers Proceps", Progress in 
I (O.R.FriPch, Editor), London, Pergamon Press, 
so 
greater than the bond energy of the atom to the molecule, the bromine 
atom mq break off entirely from the rest of the fragment. In the 
solid state, the fate of the recoil fragment is uncertain. The free 
energetic bromine atom may recombine with ita original fragment and 
give back the compound that vas bombarded with neutrons or it may 
combine with another similar bromine atom to give bromine molecule 
which is radioactive. Alternatively, it may remain trapped in the crystal 
for a long time or it may attack the original compound or the original 
fragment at a point different from where it vas originally present. 
This effect is called the Szilard-Chalmers effect. 
1 Compounds like ethylene dibromide llhov very pronounced Szilard-
Chalmers effect. Indeed, until about a decade ago, this vas the only 
method to prepare very active samples of bromine. Some of the early 
vork2 on the isotopic exchange reactione were performed with the isotopes 
obtained by Szilard-Chalmers reaction. 
In the present investigation it vas necessary to use ionophores 
which were completely free of either radioactiw free bromine or any 
foreign species of radioactive bromide. 1.'he word radioactive is stressed 
because, if other bromine compounds were present as a result of Szilard-
Chalmers effect, their concentration could not have been greater than 
about 10-13 gram per gram of potaasillll bromide and they could not have 
influenced the reaction kinetics but they could have affected substantially 
1. C.S.Lu and S.Sugden, J. Chem. Soc., 1273 (1939). 
2. L.J.LeRoux and S.Sugdent Ibid., 1279 (1939); H.A.C.McKay, 
J. Am. Chem. Soc., .22. 702 (1943). 
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the measurement of radioactivity and caused inaccuracies in the results. 
In the case of smmonium bromide, the only other product that could 
have resulted from Szilard-Chalmers effect is free radioactive bromine. 
While neutralizing the ammonium bromide 1li th potassium hydroxide the 
free bromine is converted to potassium bromide and potassium bromate. 
On acidifying the solution with hydrobromic acid the bromate is con-
verted to bromine which is then expelled by boiling. 
- - + Br03 + 5Br + 6H = 3Br2 + 3H:!O 
If any bromate is present, in the kinetic experiment the activity due 
to the bromate must appear in the aqueous portion. The observed 
fractional exchange would then be represented by equation (3-4). 
Br82 in toluene Br82 in tcluene 
F (apparent) = -- , and F (resl) = -----
(KBr82,._ KBra20 ) (KBr82) 3 
(3-4) 
F (apparent) ( F (resl) 
In the second method of preparing radioactive bromide potassium 
bromide itself was irradiated with neutrons. Vigorous boiling of the 
solution and cr,yetsllizstion of potassium bromide stripped the crystals 
of any traces of tree bromine that might have formed from Szilard-
Chalmers effect. Kinetic experiments with this sample of potassium bro-
mide were in excellent agreement with the kinetic experiments 1li th 
potassium bromide from method I. Therefore it was concluded that since 
the potassium bromide from method II could not contain bromate, the 
potassiUlll bromide from method I did not contain any bromate. 
Decav of Radioactive Potassium fo1'1118d in Neutron BombardDient of 
Pot&saiu!ll Brgmide 
When kinetic rune at very low concentrations of potassium bromide 
had to be done, it was necessary to use very highly radioactive ssmples 
of bromide. Method I inwlves exposure of the investigator to radiation 
which is in excess of the tolerance level prescribed by the Atomic 
Energy Commission. To reduce the contact time of the investigator with 
the active materials it was advantaeeous to start from potassium bromide 
itself. Hence method II was adopted. 
Direct neutron bombardment of potassium bromide to get KBr82 
presented a difficulty. PotassiUIII has two isotopes of mass numbers 
39 and 41. Both isotopes can capture neutrons to form 0° and 02 
respectively. IfO is radioactive and has a half life of 1.2 x109 years 
and its rate of disintegration is negligible compared to 0 2 which has 
a half life of 12.5 hours. 01 has a neutron cross section of 1.19 barns 
which is comparable with that of Br81 , which has a neutron cross section 
of 3.5 barns ( 1 barn = lo-24cm. 2). Potassium bromide produced by 
direct neutron irradiation will have considerable 02 activity, which 
makes the potassium bromide from this method useless for Br82 exchange 
study. This difficulty was ovarcome by irradiating potassium brolllide 
to a vary high level of activity and allowing it to decay for 6 to 8 days. 
8) 
0 2 decays al.lllost ccmp1ete1y in six days. The following calculation 
shows how much Jf2 activity remains after six days. The data neceesar,y 
for this calculation are presented in Table }-I. 
Isotope 
Br79 
Broo 
Br81 
Br82 
K39 
TABLE 3-I 
Data for Radioactivity Celcmlation1 
Natural abund- Themal. Neutron Half' life 
ance in % cross section 
( o-) in barns 
50.52 2.9(4.4hr.), 8.5(18min.) -
18111 •• 4-!hr. 
49.48 
35.9br. 
93.06 1.9 
6.9 1.19 
12.5hr. 
Density of potaaaiUIII bromide 2.75 grsu/c.c. 
Let one cubic centimeter o:f' potaaaiUIII bromide of thickness 1 em. 
be irradiated in the pile for eight hours at a neutron :f'lux of 5 x1012 
-2 -1 em. sec. 
1. G.Friedlander and J.li.Xennedy, Nuclear and Radiocbemistr,y, 
John Wiley and Sons, Inc., New Yorlt, N.Y., 1955, pp. 405, 417 and 421. 
No. of Br81 atou irradiated = NBr 
= Avogadro' a number x density x isotopic ab•mdancoe/molecular weight 
= 6,025 X 1023 X 2,75 X 0,495/120 = 6,821 X 1021 
82 ..,~ 1 ( -NB X a"\' No. of Br at0111s fomed per second =A ~roq At = I 1 - e r 1 
-lb:r When Nxa--ia very auch leas than one, 1-e = Nxr, and 6.NBr82 = ~rxtr. 
In this instance Nxria very !lllch leas than one. 
x = thickness of solid KBr in the tube, i.e., 1 em., 
I = neutron nux, 
<r= neutron cross section of Br81 in em. 2 
ANBr82/t:...t = 6,821 X 1021 X 5 X 1012 X 1 X 3,5 X l0-24 
= 11.94 x 1010 atoms S<Bc.-1 
For 8 hours A~82 = 34.4 x 1014 atoma 81'8 produced. A correction has 
to be applied for the dec~ of Br82 duriDg these eight hours. This 
correction can be (over) estimated aa follow: 
.6.'Kar82 after correction = 34.4 x 1al4e..>..t llhere Aia the dec~ 
constant and t = 8 hours. 
82 6 ·I -5 -1 The dec~ constant of Br = 0. 931 tt = 0.536 x 10 sec. 
~r82 (corrected) = 34.4 x 1014 x 0,86 = 29.58 x 1al4• 
Similarly, the number of ~2 atoms fomed in the same time can be 
calculated to be 16.32 x 1al3 and after correction 10.43 x 1013. 
The correction applied is larger than it should be since it ia asawaed 
that all the active atoma were prea<Bnt at the beginning of irradiation. 
For that reaaon calculations 81'8 shown throughout w1 th and without the 
correction in order to demonstrate that the correction ia not important. 
The rate of de~ = decay constan'ti x DD. of active atoms, 
-dNBr82/dt = 0.5,S x 10-5 x 29.58 x 1014 = 15.86 x 109 atoms sec.-1(cor.) 
= 0.5,S x 10-5 x 34.4 x 1014 = 16.44 x 109 atoms sec.-l 
(without correction). 
-~2/dt = 1.54 x 10-5 x 10.46 x 1at3 = 16.11 x 106 atoms sec.-1 (cor.) 
= 1.54 x 10-5 x 16.32 x 1013 = 25.13 x 106 atoms sec.-l 
(without correction). 
The activity is Wl128l.l.y expressed in terms of the curie which is equal 
to 3.7 x 1010 disintegrations per second. 
Activity of Br62 = 15.66 x 109/3.7 x 1at0 = 0.4266 curie with correction 
Activity of Br62 • 18.44 x 109/3.7 x 1010 = 0.4963 curie without correction. 
iller six dsya Br62 will have passed through 4 half li vee and If2 will 
have passed through 11.5 half lives. The activity remaining after 
six dsya for Br62 = 26.6 millicurie (corrected), 31.14 millicurie 
(uncorrected) , 
while tor If2 the activity remaining is 0.014 millicurie (corrected), 
0.022 millicurie (uncorrected). 
The ratio of the activity of If2 to thet of Br62 is then 5.2 x 10-4(cor.) 
or 7.1 x 10-4(uncorreoted). 
The If2 activity forms only 0.05% to o.(J'{'f. of the total activity. 
Thus it has been proved thet the 0 2 activity is negligible in c0111parison 
with thet of Br62• 
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Cnnt!inere for Irradiation 
Glasa containers for enclosing the material to be irradiated are 
unaui table. Glasa contains sodium, potassium and DIBIIY other elements 
which absorb neutrons to give radioacti'Vity, Glass ia never used for 
this purpose. For irradiation up to thirty minutes pol.yeteylene 
containers are very useful, If it is uaed for longer periods in the 
reactor, the heat of the en'Viro1111ent damages the container which may 
result in spilling and radioactive contamination of the area. Poly-
eteylene containers are not aui table for uae even in water cooled 
holes for lcmg periods of tillle. For use in water cooled holes of the 
reactor, quartz containers can be used for auy lSDgth of time. The 
quartz container may become dal'k after exposure to radiation but the 
color disappears on heating, In the bottling machine aluminum vials 
are used, The bottling machine is a place inside the reactor where 
facilities exist for handling very intensely radioactive materials by 
remote control. 
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PotaaaiUIII Bromicle - M!thod of Preparation 
Me1jbpd I 
The 11111110niU111 bromide used was Baker and Adamson's Reagent Grade. 
The potaasi1111 lzydrold.de and lzydrobromic acid vere Baker's Analysed 
Reagent. 
About o. 5 g. of 11111110niU111 bromide was enclosed in a polyethylene 
'rial 6.0 em. in length and 1 em. in diiiiUter. The 'rial vas sealed 
with scotch tape. It 1188 subjected to neutron bombardment in the reactor. 
The si tee in the reactor where pneumaticall;y controlled cylinders 
(rabbits) are exposed to neutrons are suitable locations for this 
purpose. The approximate neutron nux in these locations vas 5 ucf2 
particles sec.-1 0111.-2• Calculation of the kind shown on page (; -<) 
shoved that about 3-6 minutes inside the reactor vas enough for the 
brclllins to attain a sufficiently high leval of acti'rity. The ammonium 
bromide 'rial was left in a lead pig for forty eight hours to permit 
the Br00 to decay almost completely. The ammonium bromide was nerl 
dissol'Ved in 25 ml. of distilled water and titrated with 8N potassiUIII 
izydrold.de using a pH IIISter to detel"llline the end point. One drcp of 
potassium lzydrold.de vas added in uoese and the solution was boiled to 
expel ammonia. Concentrated izydrobromio acid was nerl added to the 
solution from a burst until the pH of the solution was 2. The solution 
was boiled to expel the excess of lzydropn bromide. 
ee 
Both the potassium hydroxide and hydrobromic acid were used as 
concentrated solutions. The object was to minimise dilution and sub-
sequent need for evaporation of water. A little excess of potassium 
hydroxide was added to ensure that all the 111111110nium bromide had been 
reacted. H;ydrobromic acid was added to neutralize the excess of potassium 
hydroxide. It is easy to remove the excess of hydrogen bromide by 
visoroua boili.njr. 
The hot concentrated solution was allowed to cool and the result-
i.njr crystals were collected on a sintered glass funnel. The crystals 
were dried in an air oven at 125°C. for two hours. 
Potassium J!mmi de - Method II 
The potassium hydroxide was Baker and Adamson's Reagent Grade. 
About 0.1 g. of potassium bromide was enclosed in an aluminum 
vial 6 em. in length and 2 cm. in diameter and sealed. It was irradi-
ated in the reactor for 8-24 hours depending on the activity required. 
The radioactive potassilllll bromide 1188 allowed to stand in a thick: 
lead pig for at least six d$ya. It 1188 recrystallized from water 
and dried at 125°C. for 2-3 hours. 
Preparation of l!adioactive TetrethYlawmnpium Bromide and. 
'l'etpmethylemonip 'Rmm14e 
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l!adioacti ve tetramethylammonium bl'OIIIide and tetraethylammonium 
bromide were prepared from inactive aamples of these compounds. They 
were enclosed in polyethylene 'Vials and irradiated with neutrons for 
15-:30 minutes dependiDg on the amount of radioactivity required, The 
radioactive bl'OIIIides nre purified by crystallization from 95% ethanol 
and dried at 125°C, for two houre. 
The Szilard-Chalmers effect on these tetraalkylammonium bl'OIIIides 
is not simple, Primarily, as a result of recoil of the bromine atom 
tetraethylammonium radical may result. The tetraethylammonium radical 
can break down to triethylamine and ethyl radical. The bromine atom 
can attack an.,v of these frasments and produce a variety of products. 
Similar processes can occur with tetramethylammonium bromide, It is 
believed that such reactions occurred to a negligible extent in this 
worlc or that an.,v products formed thereby nre eliminated during the 
process of purification. This conclusion is supported by the results 
of intensive testing. 
To test whether an.,v Br82 had entered the cation N(C2~);, about 
0.01 g. of the purified active tetraethylammonium bromide was dissolved 
in 200 ml, of water. Twenty five ml. of the solution was passed through 
a column of cation exchange resin (Duolite-aydrogen type). The length 
of the column was 18" and the diameter was l ", The column was washed 
with water, The aqueous solution and washings were collected and made 
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up to 100 ml. in a volumetric flask. Twenty five milliliters of this 
solution was counted and the activity present in the total 100 ml. of 
the solution was calculated (7108 counts). 1U1other 25 ml. of the 
original solution was also counted under the same conditions (7044 
counts). There was thus no significant difference in the activity 
of the two portions, which indicates that no B.ctivity was retained by 
the resin. ~1e resin was also scanned for radioactivity &>d was 
found to contain no activity. If the cation had any activity, it 
should have been found in the resin. 
The jon exchange resin will not remove any ethyl bromide, methyl 
bromide or free bromine. To establish their absence, paper electro-
phoresis >~as carried out. Under the influence of an electric field, 
the bromide ions move toward the anode and the N(C2H5)/ ions move 
tot·rard the ce.thode. The neutral components such as ethyl bromide and 
bromine remain stationary. After electrophoresis, there could have 
been at least three spots of high activity corresponding to the anion, 
cation and the neutral products. There was only one spot of intense 
activity corresponding to the bromide ion. It was concluded that the 
tetraethylaomonium bromide was free from radioactive bromine or other 
active bromine compounds. 
Electrophoresis - Experimental Procedure 
About 24" of chromatographic paper (Whatman No. 1) was soaked in 
0.05 N. sodium citrate and was then stretched on a clean glass plate. 
I 9J 
The paper was wiped clean and a drop of the tetraethylammonium bromide82 
solution (0.1 M.) was applied at the center of the paper. The paper 
was covered by another glass plate. The ends of the paper were dipped 
in 0.05 N sodium citrate and a direct current was applied through two 
carbon rods which dipped into the aolution. The electrophoresis was 
carried out for two hours at 1-2 amp. and 700 volts. The electrophoresis 
experiment was repeated for two other time intervale, one hour and one 
half hour. The papers were air dried and scanned for radioactivity 
by a geiger tube and an automatic recorder. The Geiger-Muller equipped 
counter used for this experiment was counting rate meter model DJII-lC 
supplied by the Nucleonics Corporation of America, Brooklyn 31, New York. 
The recorder was an Esterline .A:o&ua Company, modsl A.W., 0-1.0 milliamp. 
recording lllilli8111111eter. In each case there was onl7 one peak correspond-
ing to the bromide ion. For greater accuracy the paper was cut into 
strips of 1" length and each strip was counted on the top shelf of a 
beta particle counter. One strip on the side of the anion held 98% 
of the activity and 2% was distributed about equally over twenty other 
strips. Their activity was probably due to background. (See Appendix I) 
Tetraethtl!!!IIIIOlli.um Bromide 82 
Tetrsethyl81111110nium bromide was of Eastman "White label" quality. 
About 0.2 g. of tetraethylammonium bromide in a polyethylene vial 
6 em. in length and 1 em. diameter was sealed by cellophane tepe and was 
exposed to neutrons in the reactor for 15-30 minutes, 'l'he resulting 
radioactive substance was allowed to stand for forty eight hours. This 
permits the almost complete decay of Br80• 'l'he substance 1lllS dissolved 
in 95% alcohol and the solution was heated to boiling. To the cold 
solution, ether wae added until the solution became cloudy. After some 
time a white deposit was obtained, 'l'he fine powder of tetrsethylammoni'WII 
bromide 1lllS collected on a sintered glass fwmel and was washed with 
ether, 'l'he solid 1lllS dr:l.ed in an oven at l25°C, for one hour, 
TetrpethJlemm?P!um Bromide 
Tetrametlzy'l•uonium bromide was Eastman "White label" quality. 
It was made rsdioscti ve in the same way as tetrastlzy'lammonium 
bromide. In thie caee it was possible to cr,ystallize the substance 
from 95% ethanol and there 1lllB no need to precipitate it with ether. 
I4.thium Rmmi de 
The li thi1.1111 ~xi de used was a Fisher product: "~us 
powder, purified •, 
Lithi1.1111 has a high neutron cross section (70 barns) and it is not 
at all advisible to prepare LiBr82 by directly irradiating lithi'WII bromide 
vi th neutrons. It 1lllS prepared through ammonium brolllide in the same 
wa;y as potassium bromide by method I using lithium hydroxide instead 
of potassium ~xide. 
Since lithi'WII bromide is ve17 h;ygrosoopic, it cannot be cr,ystallizad 
9) 
f'rom water in a pure state. The lithiWII bromide solution vaa evaporated 
to dryness in a platinum crucible and heated to melting. It vaa allowed 
to solidity and a drop of ~bromic acid vaa added. It vaa again 
evaporated to dryness and heated until the aalt began to tuae. The 
crucible was transferred into a vaouum desiccator and allowed to cool 
in vacuum. ~us lithium bromide was thus obtained. 
)!ad1 ochmi Cal purity of Br82 
The radiochemical purity of Br82 was established by counting an 
aqueous solution of each preparation of ionic bromide over three to 
four half lives and plotting the d.ectq curve. The half life of Br82 
vaa :55.9 ;t 0.:5 hours. Repreaentati-nt dec~q cunea are shown in 
Figures 1 to :5. The beat values in the literature for the half life 
of Br82 are :55.87 ;t 0.05 hours by Cobble and Atterbur,-1, :56.0 ;t 0.1 
hours by Berne2 and :55.7 hours by Sinclair and Hollowal. 
p-Nitro\?envl Bromide 
The p-nitrobe!lliYl bromide UB8d in thiB investigation vaa an 
Eastman "Wh::. te label" product. It was purified by two rec:eyatallizationa. 
The first raoryatallization vaa f'rom absolute alcohol and the second 
1. J.W.Cobble and R.W.Atterb111'7, Phys. Rev., 80. 917 (1950). 
2. E.Berne, Phya. Rev., IL., 568 (1950). 
:5. W.K.Sinclair and H.F.Hollovay, Nature, .!§1, :565 (1951). 
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one was made from ligroin of B.P. 80-100°C. Its melting point, 
99-99.5°C., agreed with the \~lue in the literature1• 
p-Nitrobenzyl bromide does not react with liquid sulfur dioxide. 
A blank run with only p-nitrobenzyl bromide and no potassium bromide 
was carried out. The solution of p-nitrobenzyl bromide in liquid sulfur 
dioxide was kept in the thermostat for seventy t\;o hours. The liquid 
sulfur dioxide was run into a quenching vessel without any toluene in 
it. The sulfur dioxide was removed by applying suction. ~ne solid 
remaining was collected and its melting point was determined. M.P. 
(found) gg0c. The experiment was repeated twice more and the same 
result was obtained. 
Radiation DamagP. 
In the presence of radio bromine p-ni trobenzyl bromide may 
undergo radiation damage. The extent of suc!J damage has been cal-
culated on the assumption that for every 100 electx·on volts of energy, 
5 molecules of organic bromide decomposes (G value = 5). In a solution 
of 0.015 M. in p-ni trobenzyl bromide the extent of rao.iation dau10ge 
GPJl be calculated as shown below. 
Br82 radiates '(-rays of 0.45 - 1.45 mev. energy and it has a com-
plex decay scheme. For the purpose of this calculation an 11pproximatc 
value of 1 mev. can be tPJcen. Also, the number of photons per disinte-
gration is not simple to calculate and it is assumed that one 'I -ray is 
1. :...H.Blatt, Organic Synthesis, Collected Vol. II, John \-Iiley 
and Sons, Inc., New York, 1943, p. 444. 
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emitted per disintegration. Even if four or five -1-rfJ:3s are emitted 
per disintegration the reaul ts will show that the conclusion 1lill not 
be affected, The absorption of Y-rtJ:38 of 1 mev, energy by water of 
one om, thickness1 is about .,.P, It is aBSUIIIed that the absorption 
of Y-rtJ:38 in liquid sulfur dioxide is about the S8111e as in water 
end correction is mads for the difference in electron denei ties of 
the two substances. The abaorption by 3 om, of water is about 21% 
approximately, The number of disintegrations can be calculated from the 
activity of rad.iobromina. It vas shown on page ('<'.>) that the activity 
of the Blllllple vas about 30 milliouries per cubic centimeter of 
potassium bromide. Bence for 0.5 g. of potassium bromide (most 
concentrated aolution used), the number of disintegrations are 5,47 x107 
per second, 
No. of organic bromide molecules decomposed = 
Energy x No, of disintegrations x 5/100 x fraction of riJ:3S absorbed 
x time x mole fraction of the organic bromide x electron density of (SO/~O) 
= 1 X 106 X 5,47 X 107 X 5/100 X 0,21 X 6 X 86400 X 6,58 X 10-4 X 0,9 
= 17,6 X 1013, 
Fraction decomposed = No. of aoleoules decomposed/ No. of molecules 
present, 
Even if four glimma rtJ:3B are ami ttad per disintegration, the fraction 
of P-nitrobenzyl bromide decomposed is only 7.8 x 10-7 which is a 
1. Gladys R,White, National Bureau of Standards, Report No, 1003 
(1952). 
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negligible quantity. The estimation of decomposition by radiation made 
in this calculation is the upper limit. It is in fact much less than 
this estimate. It vas therefore concluded that the radiation ~ 
to the p-nitrobenzyl bromide vas insignificant. 
Impuritz Problem in p=Ni trobenzxl Bromide 
In studying the kinetics of bromine exchange between p-ni trcbenzyl 
bromide and potassium bromide at 0°C., in each run an aliquot of the 
reaction mixture vas quenched about 2-3 minutes after the start of the 
reaction, in order to detemine the 811011Zlt ot excllanee at the beg:inning 
ot the reaction. Since the exchange of bromine in this system is not 
fast, (at 0°C. time tor 50% exchange with 0.00211 M. KBr and 0.05136 M. 
p-nitrobenzyl bromide was 116 houra. At lower concentrations of 
p-ni trobenzyl bromide it was even larger) the amount of exchange in 
2-3 minutes must be negligibly small. 
In the early experiments, the concentration of p-nitrcbenzyl 
bromide was held approximately constant at 0.014 M. and the concentration 
ot potassium bromide was varied. There was a small amount of initial 
exchange which was less than 1.% as long as the concentration of 
potassium bromide was about 0.005 M. or greater. A small initial exchange 
was not unexpected since such an effect had been noticed by other investi-
gators. Prestwood and Wahl1 found while studying the thallium (II) 
1. R.Prestwood and A.Wahl, J • .Am. Chem. Soc., 1Q, 880 (1948); 
1.L 3137 (1949). 
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thallium (III) exchange reaction a separation induced exchange of 50%. 
Bowers and Sturtevant1 found a l!mlal.ler apparent initial exchange in 
the case of bromine exchange between p-ni trobenzyl bromide and lithium 
bromide. Usually it is a consequence of the method of quenching and 
subsequent operations. If the conditions of the experiment are kept 
constant, it appears in the intercept when -log. IJ..- (A+B)F/!/ of 
eq. (3-2) is plotted against time and does not affect the slope. 
In the present case, as the concentretion of potassium bromide 
was reduced, the initial exc!JaD8e bec!lllle larger until it began to 
interfere with the regular exchange. A definite relationship became 
apparent between the concentretion of potassium bromide and the 81110unt 
of exchange at the start of the reaction. To test this effect, the pel'-
cent of initial exchange was plotted against (KBr )-l and an approximate 
linear relationship was observud. With approximately 10-4 M. KBr, the 
initial exchange was l5-2o% and the degree of exchange gradually fell off 
with time. After reaching a minimum it. began to increase. These 
results are shown in Figures 4 and 5. 
The exc!JaD8e of bromine between p-ni trobenzyl bromide and lithium 
bromide in acetone containing 5% methanol and 0.5% water mixture was 
investigated by Bowers and Sturtevant1• Initial uchanges were also 
observed by them. The lithium bromide, the solvent and the separation 
procedures were investigated by them for 11111" possible impurity. These 
1. s.D.Bowers and J.M.Sturtevant, J. Am. Chem. Soc., J1., 4903 (1955). 
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sources could not account for the initial exchange in BliY way and 
therefore a correction was applied to the slope of the plot -log. 
/:1 - F(A+B)/A}agsinst t. The p-nitrobenzyl bromide does not seem 
to have been investigated by them as a cause of initial exchange. 
From the relation between the initial exchange and the reci-
procal of the concentration of potassiUII bromide it 1188 concluded thet 
the impurity was not in potassium bromide. If it vas in potassium 
bromide the initial exchange 11111Bt have increased vi th the increasing 
concentration of potassiUDI bromide while it actually decreased with 
the increasing concentration of potassium bromide. It could not have 
been in the solvent or any of the equipnent, since in blank experiments 
without the p-nitrobenzyl bromide and with only potassilllll bromide in 
the solution, radioacti'lity did not appear in the toluene la;yer. The 
only suspect was p-nitrobenzyl bromide. 
It p-nitrobenzyl bromide had contained or senerated a substance 
which could exchange very rapidly and attain instantaneous equilibrium 
with potassium bromide and would be counted as p-nitrobenzyl bromide, 
it could ahow the type of concentration dependence aPParent in the 
experiment. The impurity should undergo I!IOIIe further reaction in which 
it slowly releases its bromine in a water soluble tom. This is 
necessary to account for the observetion thet the 'Vel'.Y high initial 
exchange showed a decrease during the first 12-18 hours before bt-.g1nning 
to increase again. 
Attempts to isolate the illlpur.!. ey were not successful. The 
exchanp reaction (0.0032:5 M. KBr aDd 0.0782 M. RBr) ves started aDd five 
minutes later, all the solvent ves evaporated by suction aDd the solid 
left behind ves extracted with benzene. The benzene ves removed by 
distillation and the p-nitrobenzyl bl'OIIide was recovered. M.P. (found) 
r:y:J°C. On the a&SUIIPtion that the substance that exchaDpd fast was 
different 1'rom the p-nitrobenzyl bl'OIIide, attempts were made to separate 
the illlpur.!. ey by vaCIIWil sublimation aDd cbrolllatograpb.y. 
Part of the p-nitrobenzyl bromide (0.8 g.) which had been recovered 
was subjected to vacuum sublimation. The sublimation vessel 1188 a 
cylinder :5" in diaMter with an inner cylinder 2.5" in di811.8ter. The 
pressure ineide 1188 :5 x 10-4 em. The sublimation ves carried out at 
50°C. by 1mmera1ng the entire vessel in n.ter at 50°C. At intervale 
ot one hour the qcuua was released aDd the sublimate scraped oft. The 
M.P. aDd specific activiey vera determined. Four fractions vera collected. 
All the fractioDa aDd the residue had the same M.P. aDd had the same 
specific activ:l.ey. It 1188 apparently not possible to separate the 
active portion 1'rom the inactive portion by sublimation. 
The other part of the recovered p-nitrobenzyl bromide (0.8 g.) 
ves chromatographed over acid veshed al'llll:ina. The column ves 18" long 
and 1" in cliamater. The p-nitrobenzyl bl'OIIide was dissolved in 25 ml. 
ot petroleum ether of B.P. ~50°C. aDd al.owly run down the column. 
It 11'&8 al.uted with 100 1111. of benzene aDd six fractioDa of 15 1111. each 
were collected. The second fraction aDd, to a lllll&ll. extent, the third 
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fraction had all the activity. The7 also contained all the p-nitro-
banzyl bromide. An active traction different from p-nitrobanzyl 
bromide was not obtained. 
'J.'he p-ni trobanzyl bromide was cr;yatallized four times from 
absolute alcohol. On the aeiiU!Ilption that one of' the impurities might 
be tree bromine, the product !roll alcohol cr;yatallization was once 
again cr;yatallized from a lllixture of' b;rdrocarbons consisting of' equal 
parts of' eycl.ohe::ame, he:rane and benzene. It was then subjected to 
V80I1Wll sublimation at a pressure of' 0.1 11111. 'l'he sublimed product was 
again cr;yatallized :f'roll the same mixture of' solvents and tested in the 
exchallge experiments. It was found that evan with 5 x 10~. KBr and 
0.014 M. RBr the initial exchazlae f'roll the above p-nitrobenzyl bromide 
was 0.91?' while before the above method of purification it was about 16?' 
for the same concentration of KBr and p-nitrobanzyl bromide. 'J.'he initial 
exchange was therefore negligible with this highly purified compound. 
'J.'he substance was preserved in a dark bottle at the room temperature 
in a deaicoator inaide the locker. It '11118 kept away from the light 
except while handling. 
'J.'he p-ni trobenzyl bromide, thus purified '11118 found to deteriorate 
with time. After six weeks the initial exchange began to increase. At 
a concentration of 0.0002 M. KBr and 0.014 X. p-nitrobenzyl bromide the 
initial exchallge '11118 a;;. It '11118 found that it could be preserved without 
deterioration for about four naka 11114 ewr;r four weeks the above 
1111thod of purification was repeated. .AppeDdix 2 gives the kinetic data 
in which the sample nUIIbers are given. The last run of each sample 
sho1l8 a alicb~ hicber initial e:rcbnp. But they are not significantly 
large. 
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Liguid Sulfur Dioxide 
Liquid sulfur dioxide ;ms obtained by condensing gas of 99.7% 
purity to give a colorless liquid. The compressed gas was Matheson-
anhydrous grade and the supplier's data sheet stated it to be of 99.7% 
purity. 0 0 1 It is reported to have a B.P. of -10.02 C. and F.P. of -75.7 C. 
Below zero degrees centigrade, it is easy and safe to he.ndle. 
The vapor pressure of liquid sulfur dioxide from -28°C. to +28°C. 
is summarized in Table 3-II. 
TABLE 3-II 
Vapor Pressure of Sulfur Dioxide2 
0 Temp. C. 0 2 4 6 
-20 476.8 l!llll. 432.1 mm. 390.8 mm. 352.7 mm. 
-10 759.6 694.5 633.8 577.5 
- 0 1162.0 1070.0 984.2 904.4 
+ 0 1162.0 1259.3 1362.7 1472.9 
+10 1714.6 1846.0 1985.9 2133.3 
+20 2453.3 2626.6 2809.7 3002.8 
1. G.Jander, Die Chemie in Wasserahnlichen Losungsmitteln, 
Springer, Berlin, 1949, p. 211. 
8 
317.8 mm. 
525.2 
829.2 
1589.9 
2289.1 
3204.9 
2. Int. Crit. Tables, HcGraw-Hi11 Book Co., Inc., New York, N.Y., 
1928, Vol. III, p. 236. 
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Dielectric Constant of Liauid S!!lf'ur DiOJide 
The dielectric colllltant of liquid sulfur dioxide has been deter-
mined by Vierk1 between -16.5°C. and -68.8°C. These data were treated 
by the method of least squares by Leftin2 and a general equation of the 
type :0 = Ce-LT was obtained, where C and L are constants and T = tempera-
ture on the Kelvin scale. The values of C and L for the best fit to the 
straight line were C = 95.12 and L = 6,676 :z: 10-3. 
Though the dielectric colllltant detel'lllinations are confined to 
below -16.5°C., the straight line has been extrapolated up to +10.75°C. 
and a more recent determination:; of the dielectric constant of liquid 
sulfur dioxide from -35°C, to +6.4°C. is in reasonable agreement with 
Vierk's data, The dielectric constant at +10.75°C. has been calculated 
from the formula given by Nicke1'80n and Mcintosh:;, D = 15.12 - 0,(172 t 
where t is in °C, The dielectric constant ot liquid sulfur dioxide at 
some useful temperatures calculated by the two methods are presented 
in Table 3-III. 
1, A.L. Vierk, z. Anorg. Cham,, Z§l., 279 (1950). 
2. H.P.Leftin, "Ionization and Dissociation Equilibria in 
Sulfur Dioxide Solution", Doctoral Dissertation, Boston University, 
1955, p. 17. 
:;. J.D.Nickerson and R.Mcintosh, Can. J. Chem., .lit 1:;25 (1957). 
1 0 8 
TABLE 3-III 
Comparison of Dielectric Constant of Liquid SUlfur Dioxide 
at Different Temperatures 
0 Temp. c. Vierk's Nickerson's 
-10.2 16.47 15.85 
o.o 15.36 15.12 
+ 6.2, 14.75 14.66 
+10.75 14.30 14.,5 
In this investigation, for the sake of consistency with the 
equilibrium constants evaluated with the aid of Vierk's data, ths 
values from Vierk's determinations have been employed. 
Viscosity of Liquid SUlfur Dioxide 
An equation for the coefficient of viscosity, lOOO'fl.,= 4.03 - 0.0369t, 
1'\, is coefficient of viscoai ty in poise and t is the temperature in °c., 
was derived by Leftin1 in the same wey aa for the dielectric constant, 
by treating Luchinsk:ii 's data by the least squares procedure. 
These values have been compared by Leftin with the values given 
in the Intel'!l&tiODal Critical Tablea'5and have been found to give good 
agreement. 
1. H.P.Leftin, "Ionization and Dissociation Equilibria in Liquid 
Sulfur Dioxide", Doctoral Dissertation, Boston University, 1955, pp. 18-19. 
2. G.P.Luchinskii, J. Phys. Chem., (USSR), .Jk 280 (1938), 
'·Int. Crit. Tables, McGra-Hill Book Co., Inc., New York, N.Y., 
1929, Vol. VII, P• 212. 
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SolubUitz Behaviour 
Liquid sulfur dioxide is a very good solvent for unsaturated and 
aromatic bydrocarboni. Saturated hydrocarbons are insoluble in it. 
p-Ni trobenzyl bromide is very soluble in liquid sulfur dioxide • 
.Among the inorganic compounds, some salts are very soluble in 
liquid sulfur dioxide. The solubility of potasBium bromide is reported2 
to be 40 millimoles in 1000 g. of liquid at 0°C., of sodium bromide 
1.36 millimoles in 1000 g. of the liquid and of lithium bromide 6 milli-
moles in the same weight of the solvent. The solubility figures are 
not very reliable since the author found that even two millimoles of 
!llllzydroua lithium bromide are not soluble in 1000 g. of liquid sulfur 
dioxide, but they represent the correct order of magnitude. The chlorides 
of the alkali metals are even less soluble than bromides. 
The tetraal.kylammonium bromides (R = ~· c2~, n-C-!7 and n-c4~) 
are highly soluble in liquid sulfur dioxide at 0°C. Many of them can 
form stable solvates with sulfur dioxide molecules and can be isolated 
as such, 
1. G.Jander, Die Chemie in Waasarshnlichen Losungsmi tteln, Springer, 
Berlin, 1949, PP• 211 and 228. 
2. Ibid., p. 2~1. 
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Apparatus 
Liquid sulfur dioxide was collected and handled with very great 
care so as to exclude moisture and air, These impurities could have 
changed the character of the solvent or the solute if they were present 
even in small amounts. To avoid their presence vacuum techniques were 
employed throughout the entire aeries of operations. Figure 6 shows 
the vacuum line and other equipment used in the experiment. 
The manifold M was connected through the trap T1 to the mercury 
diffUsion pump. The diffUsion pump itself was connected to a mechanical 
pump (not shown in the figure). The two pumps together could reduce 
the pressure to lese than 10-4 em, of mercury. The trap T1 which was 
cooled by liquid nitrogen protected the pumps from vapors. 
Before letting in sulfur dioxide, the pressure in the system could 
be measured by the McLeod Pll88 Mg. The mercury manometer Ml! was used 
to judge the rate of now of sulfur dioxide and to measure its pressure. 
The U tube which was about four feet long contained "Anbydrone" 
(anhydrous MgClo4). On top of the "Anbydrone" there was glaas wool 
which prevented the gas from carrying "Anbydrone" dust into tube A. 
The trap T2 also served the eeme purpose. 
The sulfur dioxide waa condensed in tube A (capacity about 200 ml,) 
and degassed, This tube was packed with glass helices to prevent bump-
ing of the liquid during subsequent distillation into bulb B. The 
calibrated bulb B with its attached buret served to measure the volume 
of the solvent accurately. 
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The reaction vessel C was specially designed for these runs. It 
was designed for making up solutions, mbing them and delivering ali-
quota under autogenous pressure of the solvent without contamination by 
air, Each arm of the inverted U tube C was about 15 em. in length and 
2t em, in diameter and had a capacity of about 100 ml. At the neck of 
these arms, there vere tvo tubes of 1 Cillo diametar (D and D 1 ) which 
were sealed at right angles to the plane of the U tube c. Samples of 
the organic bromide and MBr82 were introduced in glass tubes loosely 
stoppered with glass plugs into D and D 1 respectively 1 aftar which D and 
D'! were sealed off. 
The left part of the reaction vesael consisted of an automatic 
pipetta, E. The entire unit could be removed from the vaCI1UJII line 
by collapsing the glass by heat under slightly reduced pressure at 
ths point s. The pipette could be filled by inverting the vessel C 
and holding it straight again. On opening stopcock a, an aliquot of 
the solution would come out into the quenching flask, F. 
The quenching flask, F, shown in the figure vas a combination of 
a receptacle and separator,y funnel. It was found to be very convenient 
for evacuating the flask rapidly and for quenching the react±on. 
Inclusion of a separator,y funnel made it unnecessary to trausfecthe 
radioactive solution to another separator, funnel fo;- extraction with 
vatar. 
All stopcocks except stopcock 8 were greased with Apiezon N 
vacuum stopcock grease vhile stopcock 8 vas greased vi th Lubriseal. 
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Apiezon N becomes hard at 0°C. and it vaa difficult to operate stop-
cock 8 at that temperature lli.th Apiezon N. 
The thermostat used in this investigation had a heating element 
and a refrigeration unit. It vaa supplied by American Instruments, Silver 
Springs, M'd. A mixture of "Prestone• (Etb,ylene glycol base) and water 
was used as the bath liquid. It could operate from -50°C. to +100°C. 
A mel'Cill'l' contact thel'IIOregulator vaa COllllected to an electronic relay 
which controlled the mske and break of the circuit. The themostat could 
maintain its temperature to± o.05°C. The temperature of the bath vaa 
read vi th the aid of a Beckmann the:rlllOIIIeter. To calibre te the Beckm•nn 
thermometer a slush of powdered ice and distilled water vaa used for a 
standard temperature (o.oo0 c.). The mixture was made lli.th a large 
amount of ice and a SJDal.l smount of distilled water in a Dewar vessel. 
The BecJcmann themometer vaa read while the mixture vaa being stirred 
and several readinge were taken at intervals. Using this Beckmann 
the:rmometer as a standard other Beckmann thermometers were calibrated 
0 0 for +10.75 c. and -10.2 c. using a procedure of overlapping of the 
Beckmann thermometers. 
Reaction Vessel for l0.75°C. Measw; ents 
A series of 1'IUlS were carried out in liquid sulfur dioxide at 
+l0.75°C. The pressure of the liquid inside the system at this temp-
erature is 2.256 atmollpheres. It was not aafe to store a large '90lUIIle 
of the liquid or to handle the usual bulbs at this temperature. Hence 
aliquots of the solution were transferred at a low temperature into 
bomb tubes of the type I sh011'Xl in figure 7 and kept in the thel'IIIOsta t 
at the higher temperature, 
The bulb at the bottom was made of thick glass and had a capacity 
of about lO ml, The trunk part of the bomb tube was also made of thick 
glees and was 25 om, in length and t em. in internal diameter. The side 
tube rl th the stopcock enabled the entire tube to be evacuated rl thin 
1-2 minutes, TUbe I was attached to vessel C via I joint. 
H was a glass collar 'tlbich could slide up and dOlfn and was held 
in position by split come, It was used to hold liquid nitrogen which 
was employed to produce refiu:dng of the solvent, The purpose of this 
refiuxing was to wash the inner surface of the gl.aes free of an;r adhe:t'-
ing p-nitrobenzyl bromide or potassiUIIl bromide and thereby eliminate 
contamination of the reaction solution by decomposition products 
fomed when I was sealed off, 
SAMPLING SYSTEM 
FOR t = + 10.75° 
FIGURE 7 
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E;per1!entaJ. Procedure for Kinetic R!!ps 
@librati,on of the Bulb for the Vol111118 Meyurement of Liquid Sulfur 
Dioxid! 
!the neck of bulb B was constructed out of a buret. It could not 
be weighed in the balance on account of its size. About 120 g. of 
water was weighed accurately in a covered container. The water was 
caretul.ly transferred into the bulb until the buret was half i'ull. 
!lhe container wae weighed again. The buret was surrounded with a Dewar 
flask which was filled with crushed ice and distilled water. The bulb B 
vi th its contente vas allowed to attain temperature equilibrium. The 
buret level was read. The volume of water contained at 0°C. up to 
the lowest mark in the buret wae calculated. The experiment was repeated 
three times and the average value wae tslrea. The zero of the buret 
corresponded to 124.80 ± 0.02 ml. at 0°C. '!he coefficient of volume 
expansion of pyrex glass is 1 x l0-5cc. per cc. per degree centigrade. 
'lherafore, at -10°C. and +10°C. the volume will not be significantly 
different from the value at 0°C. 
!ntroduction of the Sei!J)le 
Sui table amounts of ionophore and p-ni trobenzyl bromide were 
weighed in tared tiny glaea vials. i'b.ey were introduced into the two 
arms of the reaction vessel C through the tubes D and D' which were 
then sealed off. 
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Collection of Liquid Sulfur Dioxide 
The V8CUUIII line was evacuated 111 th the aid of a forepump and 
the mercury diffUsion pump was started. All the stopcocks except 7 and 
8 were kept open to the pump. Stopcock 4 connected the system with the 
sulfur dioxide cylinder through a copper tube, which was sealed to the 
glass tube by a Kovar seal. The copper tube as well as the sulfur 
dioxide gauge of the cylinder were evacuated up to the main valve of 
the cylinder. After the pressure of the system hed been reduced to 
about one micron, as shown by the McLeod gauge Mg, the pumping was 
continued for a few more hours and then the system was considered ready 
for the eXPeriment. 
The lover part of the wcuum line was disconnected from the 
manifold and the mercury diffusion pump by closing the stopcocks 2 and 6. 
The cylindrical bulb. A was immersed in a mixture of dry ice and tri-
chloroethylene which was contained in a Dewar vessel. Sulfur dioxide 
was slowly admitted by opening the valves of the cylinder. The rate 
ot now was indicated by the mercury manometer " and was controlled so 
as to maintain the pressure below 10 ca. (abe.) of mercury. 
Sulfur dioxide, dried by passage through a long column of 
"Anh;ydrons" was condensed in the bulb A. It was necessary to add dry 
ice frequently to the freezing mixture as sulfur dioxide has a high 
latent heat of vaporization. About 150 ml. of liquid sulfur dioxide 
was collected in about one half hour. The valves of the cylinder and 
stopcock 4 were then closed. 
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In order to remove 8J13 dissolved air, the liquid was degassed as 
follows, The trap T1 wee surrounded by liquid nitrogen to protect the 
diffUsion pump and the forepump from sulfUr dioxide, The stopcock 2 
1188 opened. The bath surrounding the bulb A was replaced by liquid 
nitrogen. This treatment forces out aJ13 disaolved air into the pump 
and sulfUr dioxide solidifies into a Yhi te solid. 1-..fter about twenty 
minutes of pumping on the solid, the stopcock 2 was closed and the bulb 
A containing solid sulfUr dioxide was slowly warmed by a cold mixture 
of trichloroethylene and dry ice at -;tJ°C. When all the solid had 
melted, the process of degassing was repeated by opening the stopcock 2 
and surrounding the bulb A by liquid nitrogen. After another twenty 
minutes of pumping on the solid, the stopcock 2 was closed and the sul-
fUr dioxide was melted as before and the temperature was brought to 
about -20°C. 
The bulb B was next surrounded by the freezing mixture at -78°C. 
and sulfUr dioxide was allowed to distil slowly into it. Towards the 
end of the dietillation it was necessary to we.:nn the bulb A vi th cold 
water. 
As soon as sufficient sulfUr dioxide had collected in the bulb B -
roughly to the lowest mark of the buret - the stopcock 5 was closed to 
disconnect the degassing bulb A and the manifold from the bulb B. The 
bulb A was enclosed in a freezing mixture. The bulb B and its contents 
were allowed to warm up to -5°C, by a suitable cold bath. It wee then 
surrounded by a mixture of crushed ice and distilled water and the 
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temperature was allowed to attain equilibrium. When the buret reading 
bad become steady, it was noted. 
Next, the arms of the U tube part of C were surrounded by the 
freezing mixture at -78°C. and the entire liquid in the bulb B was 
allowed to distil into the arms of the vessel C. When all the liquid 
bad distilled into the vessel C, the temperature of the bath surrounding 
the liquid sulfUr dioxide was adjusted to -15°C. The reaction vessel 
was sealed off from the rest of the vacuum line by heating the tube 
slowly and care:f'ully at a. 
The vials containing the reactants were then dropped into their 
respective tubes containing liquid sulfUr dioxide by tilting the 
reaction vessel. The solutes were dissolved by a gentle rotatory 
motion of the reaction vessel. The end of the automatic pipette was 
closed by a cap (female I joint 24/40) to protect it from the liquid 
in the thermostat. The reaction vessel was equilibrated in the thermo-
stat at the desired temperature for about half an hour. 
CM!JJ!epcptnt of the Exchapp Reaction 
After thel'll81 equilibration, the solutions in the two arms of the 
U tube were mixed by tilting the vessel backllardB and forwards a few 
times. The time was noted as eoon as the solution bad poured from the 
first bulb into the second bulb. This was taken as zero time of the 
reaction. The reaction vessel was replaced in the thermostat. 
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Removal of the !ligugts 
The first aliquot wae removed five minutes after the commence-
ment of the reaction. other aliquots were removed at intervals of 
18-24 hours. In most cases duplicates were removed for analysis. 
QuenChipg 
The reaction vessel C was removed from the thennostat, and the 
fiask F containing 25 ml. of toluene was connected to the automatic 
pipette at F. A trace of Lubriseal was Ull!d between the I joints. 
Three Dewar vessels were arranged in a row. The first two of them 
were filled with the liquid from the the:rmostat. The third was filled 
with trichloroethylene at -30°C. The fiask F was evacuated through 
stopcock 9. In this ~ while an aliquot was being removed the main 
body of the solution was still maintained at the temperature of the 
bath. B,y tilting the vessel C, the pt~tte E was.filled. The excess 
of solution nowed back into the a.ms of the vessel c. On opening the 
stopcock 8, the solution was ejected under sulfur dioxide pressure 
into the cold toluene and potassium bromide was precipitated. The 
flask F was then detached by opening the stopcock 9 to air and C was 
capped and returned to the thermostat. Sulfur dioxide dissolves in 
toluene. Nitrogen gas was passed from a cylinder through the toluene 
solution for about 15 minutes in order to expel as much sulfur dioxide 
as possible. 
The potassium bromide was separated from p-nitrobenzyl bromide by 
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extraction of the toluene solution with water. The toluene was first 
extracted with four 20 ml. portions of water to remove potassiUIIl bromide. 
The aqueous extracts were abaken with another 20 ml. of freab toluene 
to remove any dissolved p-nitrobenzyl bromide end the toluene was 
again extracted with another four 20 ml. portions of water. 
The aqueous and toluene extracts ore made up to 200.0 ml. each 
in volUIIl8tric flasks. Twenty five ml. of each was counted. 
The same method of quenching the reaction vas adopted for all 
ionophores atudied at or below 0°C. 
Modified Prpcedpre for Kinetic ~'P• at +10.75°C. 
Since it was not very eafa to handle a large volUIIl8 of eulfur 
dioxide aolution at thia temperature, llllllall vol'WIIea (about 5 ml.) of 
the mixed reaction aolution were traneferred from vessel C at a lover 
temperature, about -10°C., to bomb tubes I (Fig. 7). Vessel C was 
maintained at this temperature throughout the filling operations. 
Since the rate of exchange is very Blow even at +10. 75°C., (at KBr 
0.0015 M., RBr 0.0289 M. time for SCI% exchange is 84 hours) the exchange 
of bromine te!dng place in the time taken (about 25 minutes) for transfer 
at -10°C. is negligible. That this method introduces no error can be 
seen from the "initial exchange" at zero tills in the several rans 
at +l0.75°C. It was usually less than o.!)% (see Appendix 2). 
'l'he solutions were made up and mixed at -10°C. The vessel I was 
attached to the automatic pipette and evacuated rapidly through its 
stopcock sidearm by a mechanical high 'VaCUUlll pump. The stopcock 
cODnecting the ptllllp to the veseel I waa closed and the bottom of the bulb 
was immersed in a f'raezing mirlura of dry ice and trichloroethylene at 
-40°C. Just before immersing the bulb, a vide glaas tube H vas 
slipped on and was held in position at the center of the trunk part 
of vessel I by split corks. An aliquot of the solution vas allowed 
to now into the bulb and the stopcock waa then closed. To wash down 
any solution that a4herad to the valls of the glass, an interesting 
method vas adopted. Liquid nitrogen was poured into collar H. 'l'he 
sulfur dioxide refluxed up and solidified at the top of the tube. 
On removing liquid nitrogen, the liquid sulfur dioxide mel ted and 
flowed down nllhing the tube at the same time. 'l'he outer tube H vas 
removed and the narrow tube slowly heated just above where the solid sul-
fur dioxide had been and eealed. 'f'he sealed tube vas then removed 
and stored in a freezing mixture at -40°C. until all the tubes were 
reaq for the C()!!!!!lAJicement of the reaction. 'l'hey were all simlll tanaoualy 
put into the thermostat and the time waa noted. Five minutes were 
subtracted from the total time for the attainment of the temperature of 
the bath. Samples for me~ent of initial exchenge were taken 
five minutes after ineertion of the tubes in the bath. Since the 
times involved are of the order of 24-96 hours an uncertainty of 1-2 
minutes in the commencement of the reaction does not affect the results 
of the experiment. 
At regular intervals of 12-18 hours a bulb was removed from 
the thermostat and immersed in liquid nitrogen to f'raeze the reaction. 
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The bulb was taken out and cut open vi th the aid of a triansuJ.ar :rue 
vi thout any danBer or tear ot loss of the solution as the sulfur dioxide 
was in the solld form. The con:tents o:f the tube were allowed to melt 
and were transferred (at about -60°C.) into the fl.aak F (Fig. 6) 
containing toluene. The two parts of the tube were rinsed with 
toluene and water alternately and the 1I8Shings were also added to the 
:flask F. Pure nitrogen gas was passed into the sclution to expel sulfur 
dioxide. The potassiUlll bromide and p-nitrobenzyl bromide were separated 
in the usual way. 
Validation of the Qwmnbi pg Procedure 
In the quenching procedure thet was employed, the sulfur dioxide 
solution was run into 25 ml. ot toluene cooled to -3clc. maintained 
under its own vapor pressure in the :flask F. The MBr precipiteted out 
immediately and the reaction came to a stop. Nitrogen was passed 
through the solution to expel as much of the sulfur dioxide as possible 
and the toluene solution was extracted with four or five 25 ml. portions 
ot water. The aqueous extracts were combined and were reextracted with 
a fresh portion of toluene to strip the sclution of any p-ni trobenzyl 
bromide end the toluene was washed vi th water four or five times. The 
two toluene portions were combined and made up to 200.0 ml. with 
toluene in a volU1118triC :flask. Similarly, the aqueous extracte were com-
bined and dUuted to 200.0 ml. vi th water in another volUllletric :flask. 
The toluene was cooled in:!. tially in order to prevent the sulfur 
dioxide :f'rom rapidly vaporizing and also to quench the reaction 
more rapidly. 
Attempts were made to quench the reaction without employing 
toluene. Tbis procedure involved rapid evaporation of the solvent 
which was accomplished by opening stopcock 9 to a vacuum pump. Though 
the sulfur dioxide could be evaporated quickly, the results were not 
satisfactory. They were not reproducible and erratic. Tbis method 
has been used by De la Mare1 for removing acetone but in his process 
of removing the solvent one of the reactants was also removed, since it 
was volatile, and the method was success:f'ul.. In the present inetance 
the concentrations of both the reactants incraased enormously as the sol-
vent was removed and, as a consequence, the rate of exchange also 
increased. Table ,_IV shows two typical attempts by this method. The 
results in the last column show that evaporation of the solvent is not 
a good method of quenching the reaction. 
Validation of the Extraction Procedure 
Potassium bromide was extracted from a suspension in toluene by 
water as described before. Whether all the potassium bromide was 
extracted from toluene into the aqueous portion was tested by carrying 
out a bla:ck experiment. The blank run was carried out in exactly the 
same way as a regular run except that p-ni trobenzyl bromide was not 
included in the run. After extraction of the toluene by water, both 
1. P.B.De la Mare, J. Chem. Soc., 3169 (1955). 
125 
TABLE 3-IV 
Data on Qvencbing b)' Evaporation 
RimA (KBr) o.00695M. (p-N02c6H4~Br) 0.0042M. 
lfo. '1'ime Aq.Ct To1.ct. Total F xlOO 
(sec.) 
1. 2280 4295 192 4487 4.28 
2. 5340 4628 425 5053 8.42 
3. 7920 3699 186 3885 4.78 
4. 13620 3667 160 ?1m 4.18 
Run B (KBr) 0.04561!:. (p-!T02C6H4~Br) O.Ol70M. 
1. 14280 22146 471 22617 2.08 
2. 49380 16426 465 16891 2.75 
3. 83880 14978 423 15401 2.47 
4. 143400 9674 556 10230 5.44 
5. 171720 7982 336 8318 4.04 
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the toluene and the water solutiOilB were counted in the usual way. The 
tolene portion showed only a negligible amount of radioactivity. The 
result of two runs, corrected for background are given in Table 3-V. 
Each one is counted for five minutes. 
TABLE 3-V 
Blank Runs with KBr to Show the Validation of the Extraction Procedure 
l. 
2. 
Tol. Ct. 
3 
6 
Aq. Ct. 
96377 
36710 
F X 100 
0.003 
0.016 
It is conclusively proved that toluene does not extract a signifi-
cant amount of radioactivity present as potassium bromide. 
Tetra-n-butylammonium bromide and tetra-n-propylammonium bromides 
were tested in the 88Die way w1 th the idea of uaiDg them as ionophorea 
for the exchange study. In both caess a high proportion (about 10-15%) 
of the ionophore was found in the toluene portion of the extract. When 
sulfur dioxide 1llUI also excluded in the blank run, no radioactivity was 
observed in the toluene extract. This is probably related to the fact 
thet tetraal.lcylammonium bromides form stable addition compounds with 
a definite number of molecules of sulfur dioxide the stability of which 
increase with increasing size of the allcyl groups. These compounds 
are yellow in color and were noticeable in concentrated solution. 
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Ligroin (B.P. l00-110°C. ), n-hexane, anisole and n-amyl ether were 
tried with these ionophores instead of toluene to quench the reaction. 
All of them were less sui table than toluene. A considerably larger 
portion of activity was extracted by them than by toluene in blank 
runs with tetra-n-propylammonium bromide and tetra-n-butylammonium 
bromide. In the case of tetraethyllllllliiOnium bromide, when the toluene 
solution wa!!l extracted with water three times, about 0.6% of the radio-
activity remained in the toluene. When the toluene was extracted five 
times with 20 ml. portions of water only about 0.01% of the activity 
remained in toluene aa is illustrated in Table 3-VI A. 
TABLE 3-VI A. 
Blank Runs to Show the Validation of the Extraction Procedure 
for TatraethyllllllliiOnium Bromide 
No. of extractions 
3 
5 
Toluene Counts 
1187 
7 
Aqueous Counts 
187830 
111208 
F X 100 
0.63 
0.006 
Therefore, in all experiments with tetraethyllllllliiOnium bromide the 
toluene was extracted five times with 20 ml. portions of water. 
In the case of tetramethyl8111110ni11111 bromide, no difficulty was 
experienced and blank runs showed that four extractions of the toluene 
with 20 ml. aliquota of water were sufficient, as is shown in Table 3-VI B. 
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TABLE :}-VI B 
Blank Runs to Show the Validation of the Extraction Procedure 
for Tetramethylammonium Brcmide 
No. of extractions 
3 
4 
Toluene Counts 
24 
5 
Aqueous Counts 
106155 
102161 
F X 100 
0.023 
0.005 
MEASUREMENT OF RADIOACTIVITY 
All radioactive elements are characterized by their radiations, 
These radiations have very high characterstic energy. lihen they enter 
air or a gaseous atmosphere, they cause ionization and leave behind them 
a trail of electrons and positive ions. The measurement of radioactivity 
is based on this ionization. 
If ionization is made to occur in a gas filled tube between two 
electrodes with a potential difference between them, the electrons 
travel towards the anode, The ion current observed increases with 
increase in the potential difference between the electrodes, until a 
constant value is reached. This constant value of the current is called 
the "saturation current", The range of voltage over which the saturation 
current remains constant depends upon the geometry of the counter, the 
nature and pressure of the gas and the surface and distance between the 
electrodes. Below the saturation current, the ion current is proportional 
to the number of primary ions produced by the ionizing particles, 
Above the saturation current range, if the potential difference 
is increased still fUrther, the primary ions become energetic and acquire 
enough energy to knock electrons from the gas molecules. This process 
of secondary ionization can build up into an avalanche of electrons, 
The region where secondary and tertiary ion pairs are produced is 
called the multiplicative current region. 
Proportional counters are operated in the region below the saturation 
current. These are used for counting alpha and beta particles ~erally. 
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Proportional counters enable one to distinguish between particles of 
different energy. They usually require external amplification. The 
pulse height ie proportional to the intensity of ionization. 
The Geiger-Muller counter operates in the multiplicative current 
region. These counters are operated at higher voltages and the pulse 
heights are independent of the number of initial ion pairs produced by 
the particles. Such counters are generally preferred because amplifiers 
are not needed and also because the counting rate is stable and independ-
ent of the applied potential. This region of steady counting rate with 
increasing potential is called the plateau region. Beta and gamma rays 
are usually counted by these counters. 
Characterstic Curve 
When a Geiger-Muller counter is used with a recording circuit, at 
first no counts are recorded. As the voltage is gradually increased 
counting starts at some point near 900 volts and the rate of counting 
steeply rises with the applied voltage until a plateau is reached. 
In this region, there is usually less than 0.1 percent increase in counts 
per volt. At the end of the plateau, the counting rate again rapidly 
increases with applied voltage and finally enters the region of continuous 
discharge. A plot of the counting rate against the potential difference 
is called the characterstic curve. The Geiger counters are operated 
at the center of the plateau. 
The Geiger counter is a cylindrical glass tube which is made of 
very thin glass. It has an inlet and an outlet for maintaining a gas 
stream. The tube has a central wire which is coaxial with the tube. 
The central wire is always the anode and the wall serves as the cathode. 
The surface of the wall is smooth and silvered to prevent the formation 
of local voltage gradients. For liquid counting, this tube dips into 
another hollow jacket which is attached to the counting tube by a ground 
joint. 
The Geiger counter used in this investigation was 6" long and 
1" in diameter and the annular space between the tube and the jacket 
had a capacity of 25 ml. A mixture of 98.7% helium and l. 3% butane was 
slowly passed in at atmospheric pressure under control of a flow meter. 
The rate of flow was 0.5 ml. per second. 
Determination of the Plateau of the Counter 
The air inside the Geiger tube was displaced by a rapid stream 
of helium and butane mixture for about an hour and then the rate of flow 
of the gas was controlled to 0.5 ml. per second. A jacket made of ura-
nium glass was used as a standard. It was slipped around the counter 
and the lead door of the cage containing the Geiger tube was closed. 
The voltage was gradually increased from zero to the point where only 
a few counts per minute were registered. At intervals of 10-25 volts 
the number of counts registered per minute was recorded. This process 
was continued until the counter reached the region of continuous 
discharge. The counting rate was plotted against the applied voltage. 
Figure 8 shows one such plot of counting rate vs applied voltage. 
I 
z 
~ 
(f) 
t-
z 
:::> 
30,000 
PLOT OF NUMBER OF COUNTS vs VOLTS IN A 
GEIGER- MULLER COUNTER 
8 20,000 
u... 
0 
a: 
w 
m 
~ 
:::> 
z 
10,000 
0~------------------------------------~ 
1100 1200 1300 1400 1500 1600 1700 1800 
VOLTS 
FIGURE 8 
Errors and Corrections in Counting 
In a Geiger counter, the counting is done at the voltage which 
corresponds to the center of the plateau because any fluctuations in 
the voltage will not affect the rate of counting as much at the center 
as at the ends of the plateau. In one of the Geiger counters used in 
the early experiments, the width of the plateau was short - 100 volts. 
Generally the width of the plateau is 200-250 volts. In a modern 
scaler - the one used in this investigation was from Atomic Instrument 
Co., Cambridge, Mass. Model No. 1050 A. - the potential difference is 
controlled so steadily that this is no longer considered a serious 
problem. 
The width of the plateau depends upon the length of the Geiger 
tube, the rate of the gas streaming through it and the age of the tube. 
New tubes give wider plateaus. The plateau was determined at fre~uent 
intervals. 
Dead Time of the Counter 
When positive ions are produced by ionization, the electrons 
reach the anode in about 50 microseconds and are discharged but the 
positive ions re~uire 200 to 500 microseconds to disperse and reach the 
cathode. Therefore, immediately after the discharge of the electrons, 
around the anode there is a shell of positive charge. The effect of this 
positive charge is to reduce the voltage gradient below the value 
necessary for ion multiplication. 
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The time required for the process of counter recovery to no:rmal 
voltage is about 200-500 microseconds, depending upon the gas pressure. 
During this time of recovery of the counter, no counts are recorded by 
the counter. This time is called the dead time and a correction has to 
be applied for the loss of counts during this time. However, from its 
very nature it is apparent that the dead time loss is significant only 
at high counting rates and is negligible at low counting rates. 
In order to determine the loss of counts due to the dead time, a 
solution of radioactive bromide vas progressively diluted and the counts 
of all the samples were recorded. By assuming that the most dilute 
solution had no dead time loss, the number of counts lost was calculated 
for different counting rates. A plot of counts lost vs counting rate 
vas constructed. It was found that below 20,000 counts per minute, 
the loss of counts was less than 1~ and above 20,000 counts per minute 
the loss of counts increased rapidly. In all the bromine exchange 
experiments, the counting rate was always below 15,000 counts per minute 
and the loss was therefore less than half of one percent. Furthermore, 
a ratio of counts of two samples is employed in the McKay equation and 
a few trial calculations shoved that the correction was too small 
to be significant. 
Background Correction 
All counters register some counts even when there is no active 
sample nearby. There are many causes for this. If there are radioactive 
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materials in the area, they contribute to the counting rate. Particle 
accelerators such as the Van de Graff machine and cyclotron or x-ray 
generators increase the counting rate if they are located near the 
counting room. Even in the absence of radiation from such sources 
or when it is eliminated by shielding the counter with a thick lead 
cage, there are two other causes which are very difficult to eliminate. 
One is the potassium in the glass and the other is cosmic rays. The 
net effect of all these sources is called "background counts". 
To determine the background, a 25 ml. aliquot of distilled 
water vas counted each time just before and after the counting of a 
batch of liquids. The background vas usually 32 ± 2 counts per minute. 
In counting, it is very essential to maintain the same geometry 
of counting for different samples. To ensure invariant geometry, only 
one counting jacket vas used and each time the same aliquot (25 ml.) 
of the solution vas taken by a pipette. After each counting both the 
Geiger tube and the jacket were washed with water, acetone, benzene and 
acetone. The purpose vas to avoid contamination of the Geiger tube and 
the jacket with radioactive materials. The Geiger tube vas wiped dry 
with Kleenex paper before use. 
Decay Correction 
To follow the kinetics, it vas necessary to count the aqueous 
solution and the toluene solution separately and simultaneously. In 
practice toluene vas counted for five minutes and the water was counted 
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next. There was a delay of about 10 minutes between the two countings. 
82 During this time some Br in the aqueous solution had decayed. A 
correction was applied for the decay by noting the exact time of the 
start of the counts. The method of correction is as follows. 
Let there be a ten minute time difference in the counting of 
of the two solutions. Let the observed counts for toluene be 1680 and 
for the water 13482. The decay of Br82 in 10 minutes can be calculated 
from equation ( 3-7) • 
t ~ = 2.303 log. a/(a-x) (3-7) 
where A is the decay constant for Br82 , a= concentration at time zero 
and (a-x) is the concentration at time t. A. for Br82 = 0. 536 x 10-5 sec. -l, 
a= 1680 and t = 600 seconds. SUbstituting in (3-7), (a-x) will be 1674. 
The corrected number of counts for toluene solution is 1674. 
Solvent Effect in Counting 
In following the kinetics of the bromine exchange, p-ni trobenzyl 
bromide was counted in toluene solution and potassium bromide in aqueous 
solution. It was essential to establish whether this procedure introduces 
any error and or, if necessary, to determine the correction. 
Other conditions being identical, the absorption of the particles 
by the solvent depends upon the density and chemical composition of the 
solvent. To determine this effect for the case of toluene and water, 
bromoacetic acid was selected as it is soluble in both the solvents. 
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Method of Testing the Solvent Effect in Counting 
About one gram of bromoacetic acid vas irradiated in the pile 
for 3 to 5 minutes and after allowing Br80 to decay completely, it 
was melted to make it homogeneous. The acid was allowed to solidifY 
and was then powdered. Two approximately equal weighed portions were 
dissolved in the two solvents separately. Each solution was made up 
to 200.0 ml. in a volumetric flask. After applying corrections for 
background and decay the number of counts per gram of the material 
was calculated for each solution. 
Three different aliquots of the same solution were counted. The 
ratio of the number of counts in toluene to the number of counts in 
water was found to be 1.001 + 0.0075 (mean deviation). It was concluded 
that the absorption difference between the solvents was negligible. 
TABLE 3-VII 
Influence of Solvent on the Counting Rate 
Weight of Bromoacetic Acid in 200.0 ml. Water 0.3358 g. 
Weight of Bromoacetic Acid in 200.0 ml. Toluene 0.3020 g. 
Counts/ gram I II III 
Water 143895 69475 139453 
Toluene 145705 69073 138917 
ct I cw 1.012 0.9942 0.9961 
Average value 1.001 .±. 0.0075 (mean deviation). 
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EXPERIMENTAL - II 
CONDUCTIVITY OF POTASSIUM BROMIDE IN LIQUID SULFUR DIOXIDE 
0 AT +6,23 C. 
Introduction 
Thermodynamic dissociation constants for potassium bromide in 
liquid sulfur dioxide1 between -24.9°C. and 0°C. are available from 
measurements of equivalent conductance, Above 0°C, conductance 
measurements have previously been made only by Franklin2, Franklin's 
dsta were treated by the Shedlovsky procedure by Leftin3 and his value 
for the dissociation constant at 0°C. was compared with Leftin's own 
value and found to be about 15~ lower than Leftin's value. At +10°C. 
Franklin's dsta after recalculation using Shedlovsky's procedure gave 
a dissociation constant of 7.42 x 10-5 mole 1.-1• The author found the 
dissociation constant of potassium bromide at +10°C. to be 9.89 x 10-5 
-1 0 0 
mole 1. by extrapolating the values from -24.9 C, to +6.23 C. using 
the least squares procedure. Leftin accounted for the low value from 
1. N.N.Lichtin and H.P.Leftin, J. Phys. Chem., 60, 160 (1956); 
N.N.Lichtin and P.Pappas, Trans. N.Y. Acad. of Sciences, £Q., 143 (1957). 
2. E.C.Franklin, J. Phys. Chem., 12,. 674 (1911). 
3. H.P.Leftin, Ionization and Dissociation Equilibria in Liquid 
Sulfur Dioxide, Dissertation submitted for the Ph.D., Boston University, 
1955, P• 31. 
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Franklin's data as due to the fact that he employed in his Shedlovsky 
-1 -1 
calculations only concentrations of 1000 l.mole to 4800 l.mole • 
Reference to Franklin's original paper revealed that Franklin had 
studied the conductivity of potassium bromide from 0.75 l.mole-l to 
4800 l.mole-1 at 0°C. and 1.50 l.mole-1 to 4800 l.mo1e-l at +10°C. 
Jander1 gives the solubility of potassium bromide in liquid sulfur dioxide 
as 40 millimoles per 1000 g. of the solvent at 0°C. and the author's 
own experience confirms this value. Yet, Franklin has measured the 
conductance of a solution which is twenty three times more concentrated 
than the saturated solution. Either Franklin could not see the solid 
potassium bromide on account of the shielding of the electrode bulb 
or his sulfur dioxide was impure. Since he made up each solution 
separately and measured the conductivity his data for 1000 l.mole-l 
-1 to 4800 l.mole may be correct, but there is some uncertainty about 
the purity of his sulfur dioxide. Therefore it became necessary to 
measure the conductivity of potassium bromide in liquid sulfur dioxide 
above 0°C. 
1. G.Jander, Die Chemie in Wasserahnlichen Losungsmitte1n, Springer, 
Berlin,·l949, p. 231. 
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EXPERIMENTAL PROCEDURE 
Conductivity of Potassitllll Bromide in Liquid Sulfur 
Dioxide at +6.23°C. 
The conductivity of potassium bromide in liquid sulfur dioxide 
was measured according to the method described by Lichtin and Pappas1• 
Experimental equilibrium constants for the process of dissociation of 
ion pairs and limiting equivalent conductance values (J\J were 
evaluated by the extrapolation procedure described by Shedlovsky2 and 
discussed by Fuoss and Shedlovsky3• 
The vacuum line and the bridge for measuring resistances have 
been described by Lichtin and Pappas1• Cell "No. 0" was used in these 
series of measurements. 
The cell constant was determined with the aid of aqueous potassium 
chloride solution. According to Jones and Bradshaw4 the specific con-
ductivity of 0.745263 g, KCl/1000 g. solution at 0.000°C. is 773.64 x 10-6 
-1 -1 
ohm em. • The solution was made up to exactly the same concentration 
----·--------
1. P.Pappas, Dissociation Equilibria of Spherical and Disk Shaped 
Ions in Liquid Sulfur Dioxide Solution, Dissertation submitted for the 
Ph.D., Boston University, 1960, pp. 64-68. 
2. T.Shedlovsky, J. Franklin Inst., ~. 739 (1938). 
3. R.M.Fuoss and T.Shedlovsky, J, Am. Chem, Soc., ]l, 1496 (1949). 
4. G.Jones and B.C.Bradshaw, J, Am. Chem. Soc,, 22• 1780 (1933). 
as given by Jones and Bradshaw~ The potassium chloride was Merck Reagent 
grade and it was recrystallized three times from distilled water and 
dried at 120°C. for 3 hours. It was stored in a desiccator before use. 
The cell constant was found to be 0.2382 at 0°C. after correcting for 
the water conductance. 
The conductivity of potassium bromide was determined in liquid 
sulfur dioxide at +6.23°C. The potassium bromide was l~erck Reagent grade. 
It was crystallized three times from distilled water and dried at 120°C. 
for three hours. 
The conductivity data are given in Appendix 3. 
The equivalent conductance vs log.V plot is shown in Figure 9, 
where V is the volume in liters containing one equivalent weight of 
potassium bromide. 
CONDUCTIVITY OF LITHIUM BROMIDE IN so2 AT 0.22°C. 
The dissociation constant of lithium bromide in liquid sulfur 
dioxide at 0.22°C. was determined by the procedure employed for 
potassium bromide at +6.23°C. 
-------------
1. G.Jones and B.C.Bradshaw, J. Am. Chem. Soc., 22• 1780 (1933). 
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Preparation of Lithium Bromide for Conductivity Study 
Lithium bromide is a hygroscopic substance. In order to prepare 
it, 1i thium carbonate was reacted with hydrobromic acid. The lithium 
carbonate used was Mallinckrodt-Analytical Reagent and hydrobromic acid 
was Baker's Analyt:ed Reagent. About 2 g. of lithium carbonate was taken 
in a platinum crucible. Concentrated hydrobrrnnic acid was added drop 
by drop until there was no further effervescence. The solution of 
lithium bromide was evaporated to dryness and heating was continued. 
As soon as the salt started melting, heating was stopped and the lithium 
bromide was allowed to solidify. Two drops of concentrated hydrobromic 
acid vas added again and the solution was evaporated to dryness. The 
solid vas allowed to fuse and the platinum crucible vas rapidly trans-
ferred into a vacuum desiccator which vas then evacuated. Subsequently, 
the crust of lithium bromide was quickly disintegrated and weighed in 
a tightly stoppered weighing tube. 
Introduction of the Sample 
Lithium bromide is sparingly soluble in liquid sulfur dioxide. 
Jander1 reports its solubility in liquid sulfur dioxide as 6 millimoles 
in 1000 g. of the liquid at 0°C. The author found that it is even less 
1. G.Jander, Die Cbemie in Wasserahnlichen Losungsmitteln, Springer, 
Berlin, 1949, P• 231. 
soluble and estimates its solubility as about 2 millimoles in 1000 g. 
of the liquid at 0°C. It is not convenient to weigh one milligram or 
less than one milligram of lithium bromide. The lithium bromide was 
therefore introduced into the conductivity cell as an alcoholic solution 
and the alcohol was distilled off. Instead of introducing a known 
volWile of lithium bromide solution in alcohol, a lmown weight of the 
solution was introduced. This method was adopted because there was no 
agreement between different runs when the former method was employed. 
Perhaps some of the alcohol evaporated during transfer or its thermal 
expansion caused differences in the volume of solution delivered, When 
acetone was used instead of alcohol, the discrepancy in equivalent 
conductance was even greater. Therefore weighed amounts of the alcoholic 
solution were introduced into the cell. 
Introduction of the Sample -- Experimental Procedure 
About 10 mg. of lithium bromide was weighed and dissolved in 
redistilled absolute alcohol, made up to 50.0 ml. in a volumetric flask 
and weighed. A weighed aliquot of it was transferred into the electrode 
arm of the conductivity cell. The cell vas closed and the alcohol was 
distilled into a trap under vacuum. The conductivity oell was then 
sealed to the vacuum line. 
Hs 
Determination of Electrical Conductance 
The specific conductance of lithium bromide was determined by 
the same procedure employed for potassium bromide. In each run not 
more than two dilution points were studied since the initial concentration 
itself was very, small. Besides, at higher dilutions the specific con-
ductivity of the solvent becomes more than 5% of the specific conductance 
of the solution. Fifteen concentration points were used in the calcula-
tion of the limiting conductance and the dissociation constant by the 
Shedlovsky's procedure. The conductivity data are given in Appendix 3. 
The equivalent conductance vs log. V plot is shown in Figure 10. 
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IV. RESULTS AND DISCUSSION 
Presentation of Data 
The data resulting from the investigation of the kinetics of 
radiobromine exchange between p-nitrobenzyl bromide and MBr82 in 
liquid sulfur dioxide are presented in this section. The experi-
ments consisted of measuring the fraction of Br82 exchanged from 
MBr82 to p-nitrobenzyl bromide at specific concentrations of the two 
reactants as a function of time. In practice, this was accomplished 
by counting p-nitrobenzyl bromide and MBr82 and taking the ratio of 
the number of counts of p-ni trobenzyl bromide to the total number of 
counts. Tables depicting the number of counts, fraction exchanged (F) 
and time are presented for each run in Appendix 2. 
The isotopic exchange law for a simple exchange reaction where 
one atom of each reactant is involved was derived by ~lcKay1 and many 
2 
others • The form of the exchange law that was employed in this in-
vestigation is 
R t(A + B)/2.303 AB = -log. /I - (A+B)F/A 7 
e - -
(4-1) 
-----------
1. H.A.C.McKay, Nature, lli• 997 (1938). 
2. R.Duffield and M.Calvin, J. Am. Chem. Soc., 68, 5577 (1946); 
G .Friedlander and J .Kennedy, Nuclear and Radiochemistry, J. Wiley and 
Sons, Inc., New York, N.Y., 1955, p. 315; R.Betts, Can. J. Research, 
26 B, 702 (1948); J.Wilson and R.Dickinson, J. Am. Chem. Soc., 22. 1358 
(1937); S.Roginskii, Acta Physicochem. U.R.S.S., li• 1 (1941) 
where A is the molar concentration of p-nitrobenzyl bromide 
B is the molar concentration of MBr82 
F is the fraction exchanged at time t in seconds 
R is the gross rate of exchange. 
e 
Equatio:n (4-1) is applicable to al.l simple exchange reactions irres-
pective of the mechanism of exchange. For each run -log. [i - (A+B)F/A] 
vs t was plotted. Equation (4-1) predicts that such a plot must result 
in a straight line and the slope of the line is given by (4-2). 
(S) = R (A + B)/2.303 AB 
e 
(4-2) 
From the slope, the gross rate of exchange was calculated. 
The gross rate of exchange R depends upon the mechanism of 
e 
isotope exchange and is a fUnction of the concentration of the reactants. 
If the reaction is first order in p-ni trobenzyl bromide and zero order 
in MBr82 , then equation (4-3) will hold. 
Re = k1 (RBr) (4-3) 
If it is first order in each of the reactants, then equation (4-4) 
will rationalize the data. 
(4-4) 
Tables 4-I to 4-VI show the concentrations of the reactants, experi-
mental values of the slope and Re and the calculated values of k1 and 
k2• Each table is arranged in the order of decreasing concentration 
82 
of MEr • For potassium bromide the data are presented for three 
temperatures and for tetraethylammonium bromide, tetramethylammonium 
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bromide and lithium bromide the data are presented for zero degree 
centigrade only. 
TABLE 4-I 
Kinetics of Br82 Exchrulge between p-Ni trobenzyl Bromide and KBr82 
in Liquid Sulfur Dioxide at + 10. 75°C. 
Run No. KBr x104 RBr x104 s xl08 R xl09 ~ xl07 k2 x105 e 
-1 mole 1. -1 mole 1. sec. -1 -1 -1 -1 mole 1. sec. sec. -1 -1 l.mole sec. 
KNR-40 146.5 325.4 102.7 23.9 7.34 5.01 
KNR-42 67.42 335.1 105.7 13.7 4.00 6.05 
KNR-44 39.46 334.4 107.6 8.75 2.62 6.63 
KNR-41 14.55 288.2 111.9 3.57 1.24 8.51 
KNR-43 5.022 279.7 132.8 1.51 0.539 10.74 
Tables 4-I to 4-V show that the exchange reaction does not 
obey either eq. (4-3) or (4-4). The value of~ decreases and the value 
of k2 increases as the concentration of MBr
82 is decreased. These 
resnlts indicate that this exchange reaction is not a simple one and 
a more complicated kinetic equation is required. The kinetic equation 
(4-5) represents substitution by the free bromide ion and also 
the paired bromide ion independently. 
(4-5) 
Alternatively, equation (4-6) represents three independent substitution 
reactions i.e., a reaction first order in RBr and zero order in MEr, 
Uo 
TABLE 4-II 
Kinetics of Bromine82 Exchange between p-Nitrobenzyl Bromide 
snd Potassium Bromide82 in Liquid Sulfur Dioxide at o0 c. 
Run No. KBrxl04 RBrxl04 S X 108 R x 109 ~X 107 k xl05 
Mole 1:1 -1 Sec.-1 e -1 -1 2 -1 Mole 1. Mole 1. Sec. l.Mole 
Sec.-1 Sec,-1 
KNR-24 499.0 518.0 64.90 37.97 7.33 1.47 
KNR-4 314.0 169.0 32.93 8.33 4.93 1.57 
KNR-1 203.0 103.0 23.79 3.66 3.55 1.75 
KNR-3 177.0 158.0 22.55 4.33 2.74 1.55 
KNR-22 169.0 443.0 50.64 14.26 3.22 1.91 
KNR-10 53.7 141.0 17.03 1.52 1.08 2.01 
KNR-8 34.9 153.0 18.74 1.22 0.800 2.29 
KNR-18 21.1 514.0 77.46 3.61 0.703 3.33 
KNR-20 19.5 51.4 7.93 0.258 0.502 2.58 
KNR-7 18.9 138.0 19.12 0.733 0.531 2.81 
KNR-14 15.8 155.0 21.00 0,693 0.447 2.83 
KNR-13 5.29 149.0 26.96 0.319 0.214 4.05 
KNR-21 1.30 61.2 16.56 0.042 0.080 6.11 
KNR-19 0.97 146.0 33.80 o.r:n5 0.052 5.33 
1 5 1 
TABLE 4-III 
Kinetics ot: Br82 Exchange between KBr82 and p-Ni trobenzyl Bromide 
in Liquid Sulfur Dioxide at -lO.ZOC. 
Run No. KBrxl04 RBrxl04 S X 108 R xlo9 ~X 107 k2 X 105 
Mole 1.-l Mole 171 Sec. -1 e -1 -1 -1 Mole 1. Sec. l.Molr 
Sec.-1 Sec.-
KNR-26 '!7. 75 400.8 12.23 22.2 5.44 0.556 
KNR-25 5lo09 451.8 15.24 16.1 3.57 0.698 
KNR-28 13.39 324.6 14.59 4.32 1.33 0.994 
KNR-31 2.92 347.8 23.81 1.59 0.456 1.56 
KNR-30 1.85 296.1 22.03 0.933 0.315 1.70 
TABLE 4-IV 
82 ( ) 82 . Kinetics ot: Br Exchange between c2~ 4NBr and p-NJ. trobenzyl 
Bromide in Liquid Sulfur Dioxide at 0°C. 
Run No. MBrxl04 RBrxl04 S X 108 R x 109 kl X 107 k x105 
-1 -1 -1 e 2 -1 Mole 171 -1 Mole 1. Mole 1. Sec. Sec. l.Mole 
Sec. -1 Sec.-1 
KNR-37 199.4 282.3 111.8 30.1 10.7 5-35 
KNR-32 99.00 315.0 101.1 17.5 5.57 5.62 
KNR-33 45.62 300.5 92.35 8.42 2.80 6.15 
KNR-34 12.99 388.0 126.8 3.67 0.946 7.28 
KNR-36 4.063 412.1 113.6 1.05 0.255 6.29 
KNR-38 1.045 357.1 102.2 0.245 0.0687 6.57 
l5 2 
TABLE 4-V 
Kinetics of Br82 Exalwlp Betveen (CU,)4BBr
82 
and po-Nitrobenzyl 
:S:roaide in Liquid ~f'llr Diozide at 0°C. 
111m lllo. MBr xl.04 RBr xl.04 s xl.08 a. xl.o9 kJ. xl.07 k:! xl.05 
-l -l -1 Mole !t-l sea.-1 -1 -1 Mole 1. Mole 1. sea. 1. Mole sea. 
Sea. 
IQlll,..51 212.5 :5()6.0 96.17 27.8 9.cn 4.27 
Klm-49 92.2 ~5.0 19.CIT 1:5.0 4.12 4.47 
l!liR-46 47.2 :595.0 99.92 9.70 2.46 5.20 
XIm-48 17.7 ~4.0 80.20 :5.09 0.986 5.57 
K.Im.-50 5.64 285.0 76.40 0.97:5 0.:540 6.05 
TABLE 4-VI 
in Liquid ~fUr Diold.de at o0c. 
111m lllo. Li:Brxl.04 RBr xl.04 s xl.08 a x1~0 
• 
kJ. xl.08 k xl.05 2 
Mole i:1 -1 sea.-1 Mole 11-l sea.-1 
-1 -1 
Mole 1. l.Mole Sec. 
sea.-
KIIIR-5:5 2.:54 405.4 41.0 2.20 0.54 2.:52 
a substitution reaction which is first order in both RBr and free 
bromide ion and a reaction which is first order in both RBr and the paired 
ion. 
(4-6) 
In order to solve the above equations the concentrations of Br- and 
+ -M Br Illi1St be known. These values can be calculated by making use of 
the thermodynamic dissociation constants for ~mr82 and the Debye-Huckel 
equation for the mean activity coefficient of an ion, equations (4-7) 
and (4-8). 
(4-7) 
where Kd is the dissociation constant 
y± is the mean activity coefficient of the ion 
B is the molar concentration of MBr82 
d... is the degree of dissociation 
-log. y + = 1,.;..• 2.;.;;8.:;..3_x_l;c;0;_
6
_(""D""T )'--:r:3f_2 ( 2o(.. B yt 
- 1 + 35.57 a (DTrt(2olBr 
D = dielectric constant of the medium 
0 T = temperature in Absolute 
a = distance of closest approach of the counter ions. 
(4-8) 
Assuming the value of y ± to be unity, the first value of c4.. was 
calculated from the known values of Kd and B and equation (4-7). 
This value of o<. was used in eq. (4-8) to get the first value of Yt: 
This value of y+ was put back into (4-7) and a second value of~ was 
found. This was used in (4-8) to find a second value of y+. This 
iterative procedure was repeated until two successive values of ol did 
not differ by more than 1 part in 10,000. For purposes of calculation 
an IBM-650 digital computer was employed except in the case of potassium 
bromide at +10.75°C. and -10.2°C. where a Friden desk calculator was used. 
The dissociation constants for the ionophores used in tiris investi-
1 gation had been determined in this laboratory by Lichtin and Pappas , 
and Lichtin and Leftin2• The dissociation constants for potassium brom-
ide at +10.75°C. and lithium bromide at 0°C. were not known. They 
were determined experimentally and they are discussed elsewhere in this 
section. The method of determining the dissociation constant was to 
measure the equivalent conductivity of ~mr in liquid sulfur dioxide at 
different concentrations and then to calculate the dissociation constant 
employing Shedlovsky 1s3 equation. The values used are assembled in Ta-
ble 4-VII. 
The dielectric constant of liquid sulfur dioxide at various 
temperatures is given in Table 3-III. 
1. N.N.Lichtin and P.Pappas, Trans. N.Y. Acad. of Sciences, 
20, 143 (1957). 
2. N.N.J,j_chtin and H.P.Leftin, J. Phys. Chem., .§Q, 160 (1956). 
3. T.Shedlovsky, J. Franklin Inst., ~ 739 (1938). 
TABLE 4-VII 
Dissociation Constants of the Ionophores 
Conductivity Data 
Ionophore Temperature Kd x 104 
oc. mole 1. -1 
KBr 0 1.43 
KBr -10.2 2.09 
KBr +10.75 0.96 
0 21.4 
0.12 11.8 
LiBr 0.22 0.265 
from 
1 4 
Variance2 xlO 
95% C.L. 
2.6 
0.028 
Letter a in equation (4-8) is defined as the distance of 
closest approach of two ions of opposite charge. It is usually taken 
as the sum of the ionic radii of the ions. Bjerrum1 considered the 
probability of location of ions at distance r, from a central ion and 
found that this probability is a minimum for a particular distance q 
between the ions, as defined in equation (4-9), 
q = j~z2 !e2/2DkT 
where ~, z2 are the charges on ions 1 and 2, 
e is electronic charge, 
k is Boltzmann constant 
(4-9) 
1. N.Bjerrum, Kgl. Danske Vidensk. Selskab., 1• No.9 (1926) 
D = Dielectric constant and 
T = temperature in °K. 
All ions separated by less than q em. were defined as paired. 
According to this view they should not contribute to the ionic atmosphere. 
These views suggest that a in equation (4-8) may assume a value between 
the sum of crystal radii and Bjerrum's q. 
Previous investigators in a similar situation have made use of 
the sum of crystal radii or some such approximate value for a1• In this 
instance, o(. values have been calculated for both a = sum of crystal radii 
and a = q (Bjerrum)2• The results are given in the Tables 4-VIII to 4-X. 
1. C.C.Evans and S.Sugden, J. Chem. Soc., 270 (1949); S.D.Bowers 
and J.M.Sturtevant, J. Am. Chem. Soc., ']]_, 4903 (1955) 
2. Robinson and Stokes suggest identifying a with q in discussing 
the formulation of the potential of the ions. R.A.Robinson and R.H.Stokes, 
Electrolyte Solutions, Academic Press Inc., New York, II Ed. (1959), p. 84. 
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'WILE 4-VIII 
!cti vi v Coefficients and a(. Valuea for Potaaaiua Bromide in 
Liquid &llfllr Dio:d.cle 
~· IluD No. 4 7' ' KBr uo ... 1 7+ d... <:>( c. 1101ea 1. - .;!; 
+10.75 KliR-40 146.5 ().519 0.144 0.674 0.11:5 
KBB-42 67.42 0.600 0.178 o.m 0.154 
D!P 44 :59.46 0.648 0.214 0.7:56 0.191 
IOIB-U 14.55 0.728 0.296 0.78:5 0.279 
Xlffi..4:5 5.022 0.798 0.418 0.829 0.406 
0 :KRB.-24 499.0 0.:541 0.145 0.609 0.084 
X1ffi..4 :514.0 0.40:5 0.154 0.6:50 0.102 
:KRB.-1 20:5.0 0.458 0.167 0.650 0.121 
DR-:5 177.0 0.475 0.172 0.657 0.128 
:KRB.-22 169.0 0.481 0.174 0.659 0.1:50 
KHB:-10 5:5.7 0.605 0.2:56 0.715 0.204 
KD-8 :54.9 0.646 0.268 0.7:56 0.240 
:KRB.-18 21.1 0.690 0.:51:5 0.760 0.289 
:KRB.-20 19.5 0.697 0.:521 0.764 0.298 
:KRB.-7 18.9 0.699 0.:52:5 0.765 0.:501 
:KRB.-14 15.8 0.714 0.:542 Oo774 0.:521 
:KRB.-1:5 5.29 0.791 0.476 0.824 0.46:5 
K!lB-21 1.:50 0.868 0.682 0.882 0.676 
Kl!IB-19 0.97 0.881 0.724 0.892 0.720 
lSB 
TABLE 4-VIII (COifDUED) 
~P• Bun lifo. KBrxl04 7 7' I 
-1 + 
.±. 
~ 
c. moles 1. -
-10.2 KBR-26 117.75 0.550 0.2:5:5 0.681 0.19:5 
KBR-25 51.09 0.611 0.281 0.712 0,246 
KBR-28 1:5.:59 0.724 0.417 0.778 0.:595 
KBR-:51 2.92 0,826 0,626 0.849 0,617 
KBR-30 1.85 0.852 o.694 0,868 0.686 
'l'he primed "'- 8l1d 7 + refer to the cue where a • q; At +10, 75°C. 
-0 0 0 0 0 q = 20.59A , at 0 C. q = 19.92A 8D4 at -10.2 c. q = 19.2:5! • 1'he 
Unprimed quantities refer to the cue of a • sum of ionic radii, :5.28A0 • 
TABLE 4-IX 
Acti'ri.ty Coetticienta 8D4 d.. Valuee for TetraetllylemoniUIII 
Broaide in Liquid faltur Dioxide at 0°C. 
Bun No. XBr 'Xl.04 7 + 
moles 1:1 - 7' 
' 
.±. d.. 
KBR-'77 199.4 0.:544 0.602 0.555 0.441 
KBR-:52 99.08 0.420 0.65:5 0.590 0.5:56 
xmt-:5:5 45.62 0.509 0.717 0.635 0.644 
KHR-:54 12.99 0.651 0.825 0.718 o.eoo 
KHB-:56 4.06:5 0.765 o.goe 0.7117 0.902 
IOIR-:58 1.045 0.86:5 o.!JGO 0.875 0.965 
Actin. t,y Coefficients awl o(. Value• for Tetralle~l.allmonilllll 
Rim No. HBr -uo4 7+ 
aoles 1':1 -
212.5 0.~5 
92.2 0.426 
47.2 0.507 
17.7 0.621 
5.64 0.7,., 
ol 
0.508 
0.559 
0.61'5 
0.709 
0.824 
0.569 
0.610 
0.648 
0.700 
0.781 
OSYT 
0.4:59 
0.529 
0.666 
0.809 
lS 9 
The primed quantities in 'fables 4-IX awl 4-X refer to the 
cues of s = q(Bjemm) which is 19.92A0 at 0°C. ibe unprimed oL 
awl 7 + refer to the case of a = - of iODic radii which are equal 
to 6.&0 and 5.25A0 for tetrae~l!I!WI!fflliua and tetrame~l.-onium 
bromides respectiYely. 
l&o 
If A = concentration of RBr and B = concentration of MBr then 
equations (4-5) and (4-6) can be written as eq. (4-10) and (4-11). 
Rj A (olB) = kf + kp (1 - d...)/..J.. 
RjA = ~+kf()(.B+kp(l-cl)B 
(4-10) 
(4-11) 
Equation (4-11) was applied to the case of potassium bromide 
at 0°C. assuming a= 3.28A0 • The 14 runs were treated by the least 
squares procedure to solve for~· kf and kp. The least squares proce-
dure is described on page ti5. The values obtained for the rate constants 
are shown in Table 4-XI. 
TABLE 4-XI 
Rate Constants Using Equation (4-11) for Bromine Exchange 
between KBr82 and p-Nitrobenzyl Bromide at 0°C. a= 3.28A0 • 
~X 107 
-1 Sec. 
- 0.04 
kf X 105 
-1 -1 l.mole sec. 
9.32 
k X 105 
p -1 -1 l.mole sec. 
0.16 
The first order rate constant is a small negative value. This 
could be the result of experimental fluctuations and the SNl reaction 
is not significant. 
The data were also analyzed by eq. (4-10) and were found to fit 
well for all the ionophores. The rate constants for the free ion and 
1 the ion pair were calculated using the least squares procedure for all 
l. See page '" 3. for least squares procedure. 
16J 
the runs with one ionophore. The rate constants for the free ion 
and the ion pairs are shown in Table 4-XII. 
TABLE 4-XII 
Rate Constants for the Free Ion and the Ion Pairs 
Temp. 
+10.75 
o.o 
-10.20 
o.o 
0.0 
o.o 
Ionophore kf X 105 kp X 105 
-1 -1 1. mole sec. 
KBr 23.5 
KBr 7.93 
KBr 2.47 
(C2H5)4NBr 7.09 
(cH3)4NBr 7.25 
LiBr1 7.36 
2.04 
0.409 
-0.019 
3.13 
1.21 
o.oo 
k 
1 
X 105 k 1 X 105 f p 
-1 -1 1. mole sec. 
22.9 
7.45 
2.42 
1.06 
6.88 
7.13 
2.80 
0.898 
0.114 
4.11 
2.89 
0.28 
l. For lithium bromide, data from only one run were available. 
The average value of kf for potassium bromide, tetramethylammonium 
bromide and tetraethylammonium bromide vas used in eq. (4-10) to find k • p 
NOTE: kf and k are rate constants for the case of a = sum of ionic 
radii. The symbols Iff 1 and k 1 are rate constants for the case of 
a = Bjerrum1 s q. P 
TABLE 4-XIII 
Variancet in the Bate Ccmatanta 
Temp, IODOphore Variancet f'or kr Variancet f'or k p Variancet f'or k' r Varianoet f'or k' p 
oc. C,L, 5();t 7ofo 95% 5o{. 7ofo 95% 5o{. 7ofo 95% 5o{. 7ofo 95% 
+10.75 KBr 0.76 1.24 ,,16 0.19 0.:51 o.ao 0.55 0.90 2.28 0.10 0.17 0.44 
o.o KBr 0.:50 0.47 0.95 O,CJ!r7 0.14 0.27 0.:50 0.47 0,95 o.058 0.09 0.18 
-10.2 KBr 0.17 0.21 0.:54 o.Cl36 o.n 0.18 0.18 0.2, 0.:56 o.rn 0.09, 0.15 
o.o (c20S)4HBr0.:54 0.55 1.28 0.117 1.:59 ,.25 0.29 0.47 1.09 0.4, 0.69 1.6 
o.o (CS,)4NBr 0,28 0.45 1.15 0.42 0.68 1.74 0.22 0.,5 0.90 0.19 0.:51 0.78 
!he prilled quantitiee refer to calculati0ll8 baaed on a= q(Bjerrum). The unprimed 
quantities refer to the cases of' a=- ot ionio radii. 
t _c; -1 -1 The variance in the abow table has bean lllllltiplied b:y 10'. The units are l.mole sec. 
c.L. = Confidence limite corrected tor the number ot pointe. 
... 
o-
"' 
It has been stated before that the value of a should be neither 
q nor the sum of ionic radii but some intermediate value. In order to 
determine the best value of a it was thought that the experimental data 
might fit best for some value of a which can be designated as a0 • In 
the event of best fit of the kinetic data for the case of a= a0 , the 
probable errors of the rate constants for the free ion and the ion 
pair should be a minimum. On this assumption, the value of a was varied 
in units of 2A0 from 0 to 30A0 and the calculations for the rate constants 
and their probable errors were made with the aid of an IBM-650 digital 
computer. The results are shown in Tables 4-XIV, 4-XV and 4-XVI. No 
miriima in the probable errore were observed. 
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'l'ABLE 4-XIV 
Effect of Variation of a on the Rate Conatante for YJJr82 at o0 c. 
kf xl~1 -150% c.~. 5 50% 5 a !&_ ~ _1 C.L. xl.O Ao 1.mo1e aec. xl.O 1. • aec. 
o.oo 8.19 
-
-o.152xl0' 
-
:5.28 7.9:5 0.:50 0.409 o.an 
4.00 7.85 0.:50 0.472 0.062 
6.00 7.70 0.:50 0.600 0.075 
a.oo 7.60 0.:50 0.685 0.071 
10.0 7.54 0.:50 0.746 0.067 
12.0 7.50 o.:5Q 0.791 0.064 
14.0 7.48 0.:50 0.826 0.062 
16.0 7.46 0.:50 0.855 0.061 
18.0 7.45 0.:50 0.878 0.060 
20.0 7.45 0.:50 0.897 0.058 
25.0 7.45 0.:50 0.9:55 0.055 
:50.0 7.47 0.46 0.961 0.054 
!'be 50% confidence liDii t values were corrected for the Jllllllber 
of pointe uaiDg Fisher's t table. 
T.ABLE 4-XV 
Etfeot of Variation of a on the Bate Constants for 
<czas)4BBr82 at o0c. 
a k xl05 50,!1; c.L. k rl05 50}/; C.L. r105 f P-1 -1 Ao -1 -1 rl05 1.111018 sec. loiiOle sec. 
o.oo 6.48 0.60 4.47 :5.67 
5.28 7.10 o.~ 2.82 1.07 
6.80 7.()9 o.~ :5.1:5 0.87 
8.00 7.09 o.-,., -,.~ 0.76 
10.0 7.C1J o.~ :5.57 0.65 
12.0 7.07 0.:50 :5.74 0.57 
14.0 7.07 0.:50 :5.87 0.52 
16.0 7.06 0.29 :5.97 0.48 
18.0 7.06 0.29 4.05 0.45 
19.92 7.06 0.29 4.U 0.4:5 
20.0 7.06 0.29 4.U 0.4:5 
25.0 7.07 0.29 4.2:5 0.:59 
:5().0 7.07 0.29 4.~ 0.;36 
'!'he 50}(; confidence 1im1 t ftl.uea nre corrected for the 
m:aaber of pointa uaiDg Fisher' a t teb1e. 
TABLE 4-m 
Effect of Variation of a on tlw Rate Conatanta for 
(~)4NBr82 at o0 c. 
a k uo5 ~ c.L. kP uo5 5<1% c.L. uo5 f 
Ao -1 -1 uo5 1.1101e-1aec.-1 1.11101e sec. 
o.oo 6.00 1.23 2.53 3.33 
5.25 7.25 0.28 1.27 0.42 
6.80 7.13 0.24 1.74 0.33 
8.00 7.06 0.23 2.00 0.29 
10.00 6.98 0.22 2.30 0.25 
12.00 6.94 0.22 2.50 0.23 
14.00 6.91 0.22 2.64 0.22 
16.00 6.90 0.21 2.75 0.19 
18.00 6.89 0.22 2.83 0.19 
19.92 6.88 0.22 2.89 0.19 
20.00 6.88 0.22 2.90 0.19 
25.00 6.88 0.22 3.02 0.21 
30.00 6.88 0.22 3.10 0.17 
The ~confidence limit 'lal.ues ftre corrected for the -ber 
of pointe us1Dg Fisher's t table. 
Activation Quantities 
The Arrhenius energy of activation E , the free energy of acti-
a 
vation A pit, the heat of activation d and the entropy of activation 
t;. Sf were calculated from the kinetic data for potassium bromide. The 
Arrhenius energy of activation was obtained from equation (4-12). 
log. k = - E / 2.303 RT + m 
r a 
(4-12) 
By plotting log. kr vs 1/T (Figure 11) to give -Ej2.303 R as the slope, 
E was calculated. The free ion rate constants calculated with a= 3.28A0 
a 
and a= 19.92 A0 gave the same slope for the plot of log.~ vs 1/T 
and therefore the Eas are the same for both cases which is shown in 
Table 4-XVII. The paired ion rate constants gave different slopes for 
a similar plot and the E s for them are also shown in Table 4-XVII. 
a 
The heat of activation for reactions in solution1 is given by 
equations (4-13) and (4-14). 
~H'f = R~ d ln.K.'f'/dt (4-13) 
= R~ d ln. kjdt - RT 
li.H*' = E - RT (4-14) 
a 
The free energy of activation was calculated from eq. (4-15). 
log. kr = log. kT/h - AFt'/2.303 RT (4-15) 
where k =Boltzmann constant, 
__ , ____________ _ 
1. A.A.Frost and R.G.Pearson, Kinetics and Mechanism, John 
Wiley and Sons, Inc., New York, 1953, p. 97. 
1.8 
1.6 
I{) 
+ 
-~ 1.4 
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0 
_J 
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c. 
~ 
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~ 0.4 
0 .2 
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h = Planck constant, 
R = gas constant per mole. 
The entropy of activation was calculated from equation (4-16). 
(4-16) 
The quantities of activation are presented in Table 4-XVII for 
- + -the exchange reactions between RBr and Br and RBr and K Br • 
TABLE 4-XVII 
Acti~tion Quantities for the Exchange Reaction 
Reaction ~P• E 6-t' 6Ft< As¥ E ' 6Jil't CSF'f' As'~'• 
c. x'!Cal. K.Cal. K.Cal. e.u. x'!Cal. K.Cal. IC.Cal. e.u. 
+ -p-N02c6a4C82Br+K Br 10.75 23.68 23.12 12.TI 36.5 16.75 16.19 12.58 12.7 
o.o 23.68 23.14 13.13 36.6 16.75 16.21 12.70 12.8 
p-N02c6a4C82Br+Br- 10.75 15.90 15.33 11.:59 13.9 15.90 15.33 11.40 13.9 
o.o 15.90 15.35 . 11.52 14.0 15.90 15.35 11.56 13.8 
-10.2 15.90 15.37 11.68 14.0 15.90 15.37 11.69 14.0 
TABLE 4-XVIII 
Free Enersy of Acti~tion for Bl'OIIIine Exchange 
between P-Ni trobenzy1 Bromide and MBr82 
~· MBr82 6tf Art' AJtl'• 6Ff• c. Free Ion Ion Pair Free Ion Ion Pair 
K.Cal. K.Cal. K.Cal X. Cal. 
o.o (c2a,)4NBr 11.59 12.03 11.59 11.90 
.. 
(CU,)4NBr 11.57 12.52 11.60 12.07 
..., 
0 
The unprimed quanti ties refer to the CalCUlations baaed on a = sua of ionic radii and 
the primed quantities refer to the calCUlations based on a = q. 
Conductivity Measurements 
Experimental equilibrium constants for the process of dissociation 
of ion pairs and limiting equivalent conductance values (..1\.J were 
evaluated by the extrapolation procedure described by Shedlovsky1 and 
discussed by Fuoss and Shedlovsky2• 
The procedure is based on equation (4-17). 
c.As(z)y! 
+ ----
K (J.i 
J.. = Equivalent conductance 
..A.., = Limiting conductance, 
d 
Kd = Thermodynamic equilibrium constant, 
C = Concentration in moles per liter, 
y + = mean activity coefficient of the ions and 
(4-17) 
- 1 
S(z) = Shedlovsky function= [Z/2 + (1 + z2/4)2]2 
z =(J..*J..+ f3 )(c.A.)t/(A)3/2 
d.."= 8.2023 x 105 /(DT) 3/ 2 and p = 82.42/~ (DT)t 
1t= coefficient of viscosity. 
Values of S(z) were obtained from the tables of S(z) as a function 
of z computed by Dagget3• 
l. T.Shedlovsky, J. Franklin Inst., 225, 739 (1938). 
2. R.M.Fuoss and T.Shedlovsky, J. Am. Cham. Soc., 71, 1496 (1949). 
3. H.M.Dagget, J. Am. Chem. Soc., ~ 4977 (1951). 
The values of y+ were calculated from the Debye-Huckel limiting 
law1 for the activity coefficient of an ion, e~. (4-18). 
- log. y = s (ce)t (4-18) 
± y 
where s = 1.8243 X 106/(DT) 3/ 2 ; and e = l.s(z)/ .Ao y 
Starting from a reasonable assumed value of~, an iterative 
procedure was followed to find the true value of ~d Kd. 
Table 4-YJX shows the values calculated from the experimental data 
given in Appendix 3. 
TABLE 4-XIX 
Limiting Conductance and rissociation Constants in Li~uid 
SulfUr Dioxide 
Ionophore Temperature 
KBr 6.23 
LiBr 0.22 
' 
Z73. 7 ± 4.2 
188.9 ± 9.4 
Kd X 104 
1.04 ± 0.04 
0.265 ± 0.028 
(The variance2 values are for 95% confidence limits) 
Bjerrum's a for lithium bromide 
Bjerrum's relationship for the dissociation constant of an ion 
pair is represented by e~uation (4-19). 
(4-19) 
1. H.S.Harned and B.B.Owen, The Physical Chemistry of Electrolytic 
Solutions, Reinhold Publishing Corporation, New York, N.Y., 1958, 3rd Ed. 
p. 62. 
k =Boltzmann constant, 
Q(b) =a functional integral of b and 
N =Avogadro's number. 
The others have been defined before and stated in the list of 
symbols. The term b is defined by equation (4-20). 
(4-20) 
where a is the minimum distance of approach of the counter ions form-
ing the ion pair. The integral Q(b) has been evaluated and tabulated 
1 for values of b between 1 and 15 by Bjerrum and between 15 and 80 by 
Fuoss and Kraus2• 
The experimental dissociation constant for lithium bromide at 
0,22°C. is 2.65 x 10-5 mole 1.-1• This value of Kd was substituted into 
equation (4-19) and Q(b) was evaluated, Using the Table3 of Q(b) as a 
function of b, the value of b was calculated, From b, the value of a 
was determined by ( 4-20). The value of b for lithium bromide was found 
to be 14.75. 0 The value of a was 2. 70 ± 0.03 A • This compares favorably 
with the sum of the ionic radii for Li+(0.61A0 .) and Br-(1.95A0 .) as 
given by Pauling4• 
----------------------
1. E.Jalmke and F.Emde, "Tables of Functions", Teubner, Berlin, 
1938, p. 83. 
2. R.~!.Fuoss and C.A.Kraus, J. hn. Chern. Soc., ~. 1919 (1933). 
3. H.S.Harned and B.B.Owen, Physical Chemistry of Electrolytic 
Solutions, Reinhold Publishing Corporation, New York, 3rd Ed. (1958), 
p. 171 
4. L.Pauling, Nature of the Chemical Bond, Cornell University Press, 
Ithaca, N.Y., 2nd Ed, (1948) P• 346. 
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Dissociation Cg_ns:tM:Lo!_~at ± 10.15°a. 
--~-----------~ -
The dissociation constant for potassium bromide ion pair in 
liquid sulfur dioxide is known1 at several temperatures between -24.9°C. 
and 0°C. and it was experimentally determined at 6.23°C. by the author. 
The dissociation constants (Table 4-XX) were plotted as log.Kd vs 1/T 
(Figure 12), where T = temperature in °K, and a least squares line was 
fitted to the points. The least squares line was extrapolated to ±10.75°C. 
and the dissociation constant was calculated from it. 
TABLE 4-XX 
Dissociation Constants for Potassium Bromide Ion Pair 
Temperature Kd x 104 log. Kd + 4 103/T 
oc. mole 1. -1 Temp.-1(K) 
-24.9 3.62 0.5587 4.032 
-20.58 2.88 0.4594 3.962 
-15.56 2.51 0.3997 3.884 
-10.71 2.11 0.3243 3.813 
- 5.25 1.80 0.2553 3.735 
+ 0.12 1.43 0.1553 3.660 
+ 6.23 1.04 0.0170 3.581 
1. N.N.Lichtin and H.P.Leftin, J. Phys. Chern., 60, 160 (1956); 
N.N.Lichtin and P.Pappas, Trans., N. Y. Acad. of Scie~es, 20, 143 (1957). 
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The dissociation constant of the potassium bromide ion pair at 
0 4 ~ 
+ 10.75 c. was thereby found to be 0.96 x 10 mole 1. • 
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PRECISION AND RELIABILITY OF THE DATA 
Kinetic Data - Fraction Exchanged 
Aliquots of the reaction mixture were quenched in toluene and 
after the expulsion of sulfur dioxide by nitrogen, the MBr82 was 
extracted with water. The toluene solution of p-nitrobenzyl bromide 
and the aqueous solution of potassium bromide were counted. The ratio 
of the activity of the p-nitrobenzyl bromide to the sum of the acti-
vities of p-ni trobenzyl bromide and KBr is known as the fraction ex-
changed (F) • 
The validity of the quenching procedure and the extraction pro-
cedure was established as described ia section III. 
In order to determine the reproducibility of the value ofF, 
duplicate aliquots were taken simultaneously and carried through identi-
cal procedures to determine the valae of F. Both these values have 
been used in the plot of -log.zY - (A+B)F/A_7 vs t of eq. (4-1). This 
practice of duplicating the points was followed in almost all cases with 
all the ionophores. It was observed that on the average the value of F 
was reproducible within a precision of about 1.5%. In Figures 13-17 both 
sets of values are plotted. 
Slope of McKay l'guation 
When -log.Ll - (A+B)F/A_7 vs t was plotted, in most cases the points 
fell on a straight line. In some instances there was a small scatter 
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of the points. It was possible to draw the best straight line through 
these points. In each run there were at least five sets of points. 
Each set consisted of duplicate points. In order to avoid any personal 
bias, all the points were treated by the least squares procedure. The 
general equations for the least squares procedure are (4-21) and (4-22). 
~Y = ~mx + nC 
£.xy = i.mx2 + i. Cx 
y and x are variables, 
m is the slope, 
n is the number of points and 
C is the intercept. 
(4-21) 
(4-22) 
The equations are solved form and c. The least squares slopes were 
employed in the calculation of the gross rate of exchange R • These 
e 
slopes were not different significantly from the slopes of the lines 
drawn by visual inspection. 
1 
Rate Constants and Variance2 with Confidence Limits 
Equation (4-10) was treated by the least squares procedure as 
shown in eq. (4-21) and (4-22) in order to determine the rate constants 
for the free ion (kf) and the ion pairs (kp). The intercept of (4-12) 
gives kf and the slope kp. The standard deviation for the line repre-
sented by eq. (4-10) is given by eq. (4-23)1• 
1. W.J.Youden, Statistical Methods for Chemists, John Wiley and 
Sons, Inc., New York, N.Y., 1951, p. 10. 
s = /Y - (mx + c) 72 
n -2 (4-23) 
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To determine the variancet in the slope and the intercept with selected 
confidence limits, the standard deviation was first multiplied by a 
number given in Fisher's t Tables1 for n-2 degrees of freedom for 95%, 
7o% and 5o% confidence limits. The corrected standard deviation was then 
used in the equations (4-24) and (4-25)2• 
2 2 2 1 SI = S (}:. x /nE.x -( i..x) _p (4-24) 
1 
SI = variance2 in the intercept. 
s = s rn/n~l-(i..x)2 p 
s - -
S
8 
= variancet in the slope. 
1 
The variance2 in the rate constants for the free ion and the 
ion pairs are given in Table 4-XIII. 
The variancet values are larger for the ion pair rate 
than for the free ion rate constants. The variancet in the 
constants 
ion pair 
rate constants is smaller if a in equation (4-8) is taken as equal to 
Bjerrum's q (l9.92A0 ) and not as 3.28A0 • 
SNl Reaction 
The kinetic data were treated by equation (4-ll) in order to test 
whether any SNl reaction was mixed with SN2 reactions. The entire data 
l. W.J.Youden, Statistical Methods for Chemists, John Wiley and 
Sons, Inc., New York, N.Y., 1951, p. 119. 
2. Ibid., p. 42. 
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were subjected to least squares procedure. The least squares equation 
vas obtained as follows. 
(4-11) 
~ /_Rj A - (k1 + krd- B + kp (1-J.. )B _7 2 = minimum = P 
dP/dk_ = -2~R /A- nk_ -1.kf(<:I..B) -t:k (1-cl)B 7 = 0 
-J. -e --J. P- (4-26) 
dP/dkf = -2/fl RjAtJ.B- ~~d..B- kf~(<:I..B)2 - kpi., (l-cl)cLB2_7 
= 0 (4-27) 
dP/dk = -2~ (1-cl..)B R /A- k_'i\(1-.t..)B- k-;1·(1-o()o( B2 p - e -.. r 
- k ~ (l-d..)2B2 7 = 0 (4-28) p -
Equations (4-26), (4-27) and (4-28) enable k1 , kf and kp to be 
detennined. 
Variance-!- (95% Confidence Limits) in '\J. 
In order to determine the dissociation constants of potassium 
bromide and lithium bromide, several l'UIUI were carried out for each 
ionophore. In each run the equivalent conduc.tance . vas determined for 
several concentrations. The equivalent conductance of solutions of 
-1 -1 
concentrations of about 1300 1. mole to 60, 000 1. mole alone were 
employed in the least squares solution of equation (4-17), using eq, 
(4-21) and (4-22). There were 15 data points for each solute. This 
analysis yields 
1/KdJl~ as the slope and 
l/Jl0 as the intercept of the least squares line. 
lab 
The standard deviations of the slope and the intercept were de-
terrnined using eq, (4-23), (4-24) and (4-25). In order to obtain 95% 
confidence limit values the standard deviations were multiplied by a 
suitable factor from Fisher's t table, The variancet (95% confidence 
.1. 
limits) in the limiting conductance was calculated from the variance2 
of the intercept by adding and subtracting it to the intercept. One 
half of the difference of the reciprocal of the two values of the 
intercept was taken as variancet of .A.o • 
1 
The variance,- ( 95% confidence limit value) of the dissociation 
constants was calculated from equation (4-29). 
~ = (I/S)2L4EI + (I/5)~52_7 
i 1\ = variance2 in Kd 
d 
I = intercept 
S = slope 
EI = variancet in intercept 
E8 = variancet in slope 
(4-29) 
In Table 4-XXI, the variancet 95% confidence limit values in the 
slopes, intercepts and limiting conductances are shown. 
TABLE 4-XXI 
Slopes, Intercepts and LimitiQg Conductances with 
their Variance:!" 
Ionophore 
KBr 
LiBr 
Temp. 
0 6.23 c. 
2 Slope x 10 
12.86 ± 0.24 
0 0.22 c. 105.8 ± 3.8 
Intercept x104 -'lo 
36.53 ± 0.59 273.7 ± 4.2 
52.95 ± 2.70 188.9 ± 9.4 
DISCUSSION OF THE RESULTS 
Isotopic Exchange Law 
The rate equation for an isotopic exchange reaction was first 
derived by McKai and in essentially the same form by many others2• 
It is assumed in the derivation that both the isotopes react at the 
same rate. Though this assumption is not strictly true, the error 
is negligible for most elements except hydrogen and for a few others 
of low atomic weight. For bromine the ratio of the masses of the 
isotopes is almost unity. Hence the isotope effect is negligible. 
The system undergoing change can be represented by equation (4-30). 
RBr + MBr82 (4-30) 
In the begimrlng only MBr82 is radioactive and the concentrations of 
RBr and MBr82 are A mole 1. -l and B mole 1. -l. At time t, x atoms per 
82 82 • liter of Br of MBr will have exchanged with x atoms per hter of 
RBr. The concentrations of the varioua species at time t will be 
RBr, (A-x), MBr82 , (B-x), RBr82 , x and MBr, x. 
In this reaction the reactants and products are identical chemi-
cally. All the bromine atoms of MBr whether radioactive or not are 
1. H.A.C.JI!cKsy, Nature, 142, 997 (1938). 
2. R.Duffield and M.Calvin, J. Am. Chem. Soc., .§!!, 557 (1946); 
G.Friedlander and J.W.Kennedy, Nuclear and Radiochemistry, John Wiley 
and Sons, Inc., New York, 1955, p. 315; R.Betts, Can. J. Research {6B, 
702 (1948); J.Wilson and R.Dicld.nson, J. Am. Chem. Soc., 23_, 1358 1937); 
S.Roginskii, Acta Physicochem, U.R.S.S., .!!• 1 (1941). 
involved in the displacement of bromine from RBr. The number of radio-
active bromine atoms introduced into RBr is therefore proportional to 
the fraction of radioactive bromine atoms as MBr. In the same way, the 
number of radioactive bromine atoms introduced into RBr is proportional 
to the fraction of bromine atoms present as nonradioactive RBr. The 
rate of introduction of Br82 into RBr = R ~A-x)/A 7~B-x)/E 7. 
e- - - -
Simultaneously the radioactive RBr82 is also exchaJ:l€].ng with the 
inactive MBr. The rate of destruction of activity of RBr82 = R (x/A)(x/B). 
e 
Since the reactions are chemically identical the proportionality con-
stant R is the same for both the forward and the reverse reactions. 
e 
The net rate of exchange is given by equations (4-31) and (4-32). 
dx , (A-x) 
dt = 1'e_A_ 
(B-x) 
B 
dx 
-dt; = ReLY - x(A+B)/AB_7 
(4-31) 
(4-32) 
Equation (4-32) can be integrated to give equation (4-33). 
R t (A+B)/AB = - ln. /i - x(A+B)/AB 7 
e - -
(4-33) 
If x/B = F, then equation (4-33) becomes equation (4-1). 
Equation (4-1) is a first order rate expression even though no 
assumption has been made about the order of the exchange reaction with 
respect to the reactants. The gross rate of exchange R is some fun-
e 
ction of the concentrations of the reactants RBr and MBr, and for a 
particular value of RBr, }ffir it is independent of the number of radio-
active atoms present in either RBr or MBr. The gross rate of exchange 
1 e 9 
R can be related to the concentrations of RBr and MBr by equation (4-34). 
e 
(4-34) 
where kn = rate constant for the exchange reaction and m and n are 
the orders of reaction with respect to RBr and NBr. 
Order of Reaction with Respect to p=Nitrobenzyl Bromide 
In order to find the order of reaction with respect to p-ni trobenzyl 
bromide, one has to maintain the MBr82 concentration constant and vary 
the concentration of RBr. Then 
In the present work it was difficult to maintain the concentration of 
potassium bromide exactly the same in all runs as the solutions were 
made up under vacuum line conditions. The concentration of potassium 
bromide was maintained as constant as practicable in paired experiments 
where the concentration of p-nitrobenzyl bromide was varied threefold 
or tenfold respectively. Runs KNR-3 and 22, and ~lt-18 and 7 (Table 4-I) 
are pairs where the concentration of RBr varied approximately threefold 
and Runs KNR-18 and 20 (Table 4-I) are instances where the concentration 
of RBr varied tenfold, In all instances it was found (cf k1 of Table 4-I) 
that the order with respect to p-nitrobenzyl bromide was about 1.1 - 1.2. 
The reason for this slightly higher value above unity is not obvious. 
All exchange reactions cited in Section II of this dissertation are first 
order in the reactant carrying the nucleophilic carbon atom, There is 
no reason to suspect a fractional order in this case as it was not 
J90 
possible to construct a mechanism of bromine exchange which involves a 
1.1 - 1.2 order ia p-nitrobenzyl bromide. The small difference may be 
due to experimental errors. It was concluded that the reaction was 
first order in p-nitrobenzyl bromide. 
Order of Reaction vi th Respect to MBr82 
The concentration of p-nitrobenzyl bromide was kept approximately 
constant at 0.015 M. and the concentration of potassium bromide was 
varied from 3.14 x 10-~. to 1 x 10~. i.e. by a factor of 314 (cf. 
Table 4-I). The gross rate of exchange Re was treated by eq. (4-3). 
This assumes a zero order for potassium bromide. ~ in Table 4-I shows 
that as the concentration of KBr decreases ~ also decreases by a 
factor of 95. It was concluded that the reaction is not zero order 
in potassium bromide. 
Next, eq. (4-4) which assumes a first order in p-nitrobenzyl 
bromide and first order in potassium bromide, was tested. The values 
of the rate constant k:? are tabulated in Table 4-I. The value of k:? 
increases as the concentration of KBr decreases end for a change of 
500 fold in the concentration of KBr, there is a change of k2 by a 
factor of about 4. It is again obvious that a simple equation of the 
type of (4-14) is not applicable to the rate data. 
Runs KNR-3, 20 and 19 show a slightly lower value of k:? than is 
expected in the sequence of decreasing concentration of potassium brom-
ide. But the difference is not large enough to be of significance. 
ht 
The equation that produced the best fit of the kinetic data was 
(4-10), This equation involves two simultaneous reactions which involve 
p-ni trobenzyl bromide and the bromide ion in one case and p-ni trobenzyl 
bromide and ~mr82 ion pair in the other. The rate constants obtained 
with this equation are shown in Table 4-XII. 
In Table 4-XII two sets of rate constants are presented. They 
arise out of the calculation of a<. from the thermodynamic dissociation 
82 
constant of ~fir and the Debye-Huckel activity coefficient equation, 
The Debye-Huckel equation has a parameter a, which is the minimum 
average distance to which ions can approach one another. Since the 
value of a is not known accurately, the two extreme values that are 
possible are (1) the distance when the ions are in contact i.e. approxi-
mately the sum of the ionic radii for univalent atoms or radicals and 
(2) the Bjerrum's q value, (19.92 A0 in liquid sulfur oioxide at 0°C.). 
The significance of these values of a is discussed elsewhere. These two 
different values give rise to two sets of o<. values which have been emp-
loyed in the calculation of the rate constants. 
Table 4-XIII shows the variancet for 50%, 7Cf/o and 95% confidence 
limits. From these confidence limits one can judge the extent of 
reliability of the data. 
It is interesting to compare the rate constants for the free bromide 
ion for all the ionophores at the same temperature (o0 c.), The rate 
constant kf is found to fall in the range from 7.1 x 10-5 to 7,9 x 10-5 
1. mole -lsec, -l for a = sum of the ionic radii. The paired ion rate 
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constant k varied gradually from 0.41 x 10-5 for potassium bromide p 
ion pair to 3 x 10-5 for tetraethylammonium bromide ion pair. ~~en 
0 -5 -5 ~ ~ a=q=l9.92A kf lies between 6.9 x 10 and 7.5 x 10 l.mole sec. 
and k between 0.90 x 10-5 and 4.1 x 10-5 l.mole-1sec.-1 • This con-p 
stancy of the value of kf substantiates the use of equation (4-10). 
In both methods of calculation, the value of k goes on increasing with p 
the increasing size of the cation or with the increase in the dissoci-
ation constant of the ionophore. 
The values of kf and kp were obtained by the least squares pro-
cedure for all ionophores except lithium bromide. In the case of 
lithium bromide only one kinetic run was carried out and so all that 
was available was Hj Aol.B and ell. for one run. Taking the average of kf 
at 0°C. for potassium bromide, tetramethylammonium bromide and tetraethyl-
-5 -1 -1 
ammonium bromide, a value of 7.40 x 10 l.mole sec. was assigned for 
kf for lithium bromide. This resulted in a value indistinguishable 
from zero for k for lithium bromide. More runs with lithium bromide p 
could not be carried out on account of limitations of time. 
The rate constants for lithium bromide are subject to another 
uncertainty. The activity of lithium bromide was not high. This results 
in statistical uncertainty in counting. The rate constants indicate that 
the statistical uncertainty is not significant in this case. 
Effect of Temperature on the Rate Constants for ICBr 
Kinetic data were determined at -10.2°C. and +10.75°C. besides 0°C. 
The results were analyzed by equation (4-10) using the least squares 
procedure. The reaction shows an increase in the rate constants with 
the increase in temperature. At -10.2°C. the ion pair rate constant 
showed a negative value when a was taken as = 3.28A0 • At -10.2°C. the 
rate of exchange of bromine is very slow, i.e. of the order of a few 
percent in 24 hours. Therefore only a small part of the reaction (about 
10 - 15% of the exchange) was studied. 'fue value is not really negative 
but because of the smallness of its magnitude it is not distinguishable. 
' This is also apparent in the variance2 with 7a;b confidence limit. The 
-6 
uncertainty .:!:. 1.1 x 10 is about the same magnitude as the expected 
value of k from consideration of data at 0°C. and +10.75°C. 1tlith a p 
taken as q = 19.23A0 , the rate constant for the ion pair becomes posi-
tive but even so it is smaller than the expected value. The uncertainty 
in k as judged by the varianceJ 7a;b confidence limit value is as great p 
as the value of k itself. p 
ltixed Order 
Equation (4-11) was tried with the kinetic data in order to see 
whether any SNl reaction occurs along with the reaction represented by 
equation (4-10). The rate equation (4-11) was solved by the least squares 
procedure as described above. The resulting first order rate constant 
was only -0.04 x 10-? sec.-1 • This indicates that the relative amount 
of first order reaction is negligible. It is therefore considered that 
the best representation of the reaction is by equation (4-10). 
DETERMINATION OF THE DEGREES OF DISSOCIATION OF THE IONOPHORES 
The degrees of dissociation of the ionophores were determined using 
equations (4-7) and (4-8). 
Kd = <{ 2B y! /(1- d...) (4-7) 
- 1.283 X 106 (DT)-3/2 (2ciB)t 
- log. y = (4-8) 
.:t 1 + ()5.57 a (DT)-t (2ciB)tJ 
Ionophores are substances whose crystal lattice is composed of 
ions. The force acting among the ions is coulombic and there is no 
covalent association. In solution these ionophores dissociate into 
free ions. The law or mass action can be applied to this equilibrium 
resulting in equation (4-7). 
The extent of dissociation of these ion pairs depends upon the 
polarity of the solvent. In highly polar solvents the extent of 
dissociation of the ion pairs is greater than in lees polar solvents. 
Bjerrum1 , considering only the coulombic force between ions and neglect-
ing all other types of interaction arising from solution, derived an 
expression for the dissociation constant of the ion pair (cf. eq. 4-19). 
Bjerrum first calculated the probability that an i ion is at a distance 
r from a j ion by using Maxwell's distribution law. If the volume ele-
ment is a shell of radius r and thickness dr, then the probability is 
1. N.Bjer:t'lllll, Kgl. llanske Vidensk, Selskab., 1. No.9 (1926) 
given by equation (4-35). 
NC. exp. (-z1z2e2/DrkT) 4Trr2dr Probability = P = __;1=----=-:=-------
1000 
(4-35) 
NC~lOOO is the number of ions per c,c,, z1z2e2/Dr is the coulombic 
force between the two ions and 41!'r2dr is the volume of the spherical 
shell (approximately). If the ions are of opposite charge, then the 
probability function has a minimum for a particular value of r [Cr. eq. 
(4-9)] 
(4-9) 
q is the distance at which the coulombic energy of separation is equal 
to 2k:T. Bjerrum made the assumption that all ions that lie between q 
and the contact distance of the ions are paired, If r > q then the ions 
are unpaired, Within the ion pair region the distance between the ions 
is not constant and q is only a rnaxinmm value, ~'rom this, it follows 
that the binding force between the ions inside the ion pairs is also 
not constant: there is a statistical distribution of ion pairs of differ-
ent energy. 
According to equation (4-9), the value of q increases with the 
lowering of the dielectric constant. For comparison, in water at 0°C, 
(D = 88,15) q is 3.75A0 and in liquid sulfur dioxide at 0°C. (D = 15,36) 
q is 19.92A0 • 
The Debye-HUckel equation (4-8) for the mean activity coefficient1 
1. H.S.l!arned and B.B.Owen, The Physical Chemistry of Electrolytic 
Solutions, Reinhold Publishing Corporation, 3rd Ed, 1959, p. 65. 
of the ions involves a term a which is defined as the minimum average 
distance to which both positive and negative ions can approach one 
another. The a term arises out of the potential of the ionic atmosphere 
in the derivation of equation (4-8). Ion pairs are uncharged and are 
not likely to contribute to the ionic atmosphere. Since there are no 
free ions within a distance q, there is no potential of the ionic at-
mosphere for values of a less than q. Marshall and Grunwald1 consider 
that a is fairly constant and for solutions of electrolytes in which 
a > q, the Debye-Huckel extended law (eq. 4-8) is valid. For the case 
of a< q i.e. in solvents of low dielectric constant the Debye~Huckel 
equation (4-8) is not valid as such. Fo~ such cases they suggest two 
models. In the first model a is assumed to be constant and is equal 
to q. The equation (4-9) becomes (4-36). 
1.283 x 106 (DT)-3/ 2(2JlB)t 
- log. y = 
± 1 + ()5.57 q (DT)-t(2J..B)~"] (4-36) 
In the second model, d.. and a are assumed to vary. On this basis they 
arrive at another equation (4-37). 
(4-37) 
S = limiting slope of the Debye-Huckel equation 
p.. = ionic strength. 
1. H.P.Marshall and E.Grunwald, J. Chem. Phys., 21, 2143 (1953). 
Equation (4-36) can be shown equal to 
- ln. y.:!:. = s(p1t /(1 + 2.303 s JLt) 
by making substitutions for q (eq, 4-9) and S in the denominator. 
This differs from eq. (4-37) in the power of the denominator. 
Marshal and Grunwald found that equation (4-37) giwa better 
agreement with their data than eq. (4-36) when they compared the pre-
dicted and experimentally determined activity coefficients (by E.M.F. 
method) of hydrochloric acid in aqueous dioxane. 
If there were no forces involving the ions other than their 
coulombic interaction, equation (4-36) would have represented the 
expression for the activity coefficient very well. .As it is, in solu-
tion there is the interaction of ions with the solvent, In considering 
the coulombic force between the ions, the macroscopic dielectric constant 
of the medium may not be applicable. As a consequence q may not re-
present the distance within which there are no free ions. It is even 
more inaccurate to consider a as equal to the distance when the ions 
are in contact. There is no means of predicting the accurate value of 
a. Therefore uniformly selected values of a from the state of contact of 
the ions to q and a little above were used in equation (4-8) and by an 
iterative procedure between equations (4-8) and (4-7), r:J... values were 
determined, For computation purposes en IBM-650 digital computer vas 
used, Values ofd.. have been tabulated (Tables 4-VIII to 4-X) for a = 
sum of the ionic radii and for a = q, The other values were used in the 
calculation of the rate constants (Table 4-XIV to 4-XVI). 
The free ion rate constant is not very sensitive to the value of 
a. The ion pair rate constant increases with the increasing value of a. 
, 
There is no minimum in the variance2 of the rate constants to indicate 
a ''best value" of a. 
Termolecular Reaction 
In this investigation the kinetic data have been analyzed on the 
basis of a free ion reaction and an ion pair reaction. Alternatively, 
it is possible to consider the reaction as partly due to the free ion 
and partly as a termolecular reaction. In the termolecular reaction 
an anion and a cation attack the carbon atom at which displacement 
takes place simultaneously. The cation must assist in the removal of 
the displaced atom. 
¥~thematically the ion pair mechanism and the termo1ecular 
mechanism are equivalent. 
The rate expression for the Br82 exchange can be written as 
equation (4-12) or (4-38). 
R = kf (A)(o(.B) + k (A)(1 -~)B 
e P (4-12) 
Re = kf(A)(~ B) + kt(A)(oi.B)2 (4-38) 
On substituting (4-7) in (4-38), equations (4-39) and (4-40) are obtained. 
2oo 
Re = kf(A)(o(.B) + kt(A)Kd(l-o<.)Bjy~ 
R/(A)(d..B) = kf + ktKd(l-~)/o(.y~ 
(4-39) 
(4-40) 
A plot of R/(A)(o¢..B) vs (1-o(.)/oly~ must give a straight line 
if there is a mixture of bi and termolecular reactions of the free 
anion. These plots are shown in Figures 18 and 19 for potassium bromide 
at 0°C. for the cases of a= 3.28A0 and a= 19.92A0 • For comparison, 
Figures 20 and 21 show the plot of R/~AB vs (1-d.)/c:J.. for KBr at 0°C. 
according to equation (4-12). In all cases the data ~rere treated by 
the least squares procedure and straight lines were drawn through the 
points. The rate constants with their probable errors obtained from 
equation ( 4-40) n:re shown in Table 4-XXIL. 
TABLE 4-XYJ:I 
Rate Constants for the Exchange of Bromine between p-Nitrobenzyl Bromide 
and KBr82 at 0°C. using a Nixed Bimolecular and Termolecular Equation 
0 
a = 3.28A 8.57 
a = 19.92A0 8.11 
.:!:. 0.25 
0.26 
Termolecular 3 Probable 3 Const~t x 10 error x 10 
1. mole -2sec. -1 
3.84 
23.15 
.:!:. 1.3 
2.1 
A comparison of Table 4-XXII with Tables 4-XII and 4-XIII which 
give rate constants and probable errors calculated from equation (4-12) 
shows that the magnitude of the free ion rate constants and their probable 
errors from both treatments are approximately the sp_me. The probable 
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errors for the ion pair rate constants are 21% for a= 3.28A0 and 6.5% 
0 for a= 19.92A • The probable errors in the termolecular rate constants 
are 34% and 9% respectively for the two cases. The termolecular treat-
ment indicates a bigger probable error though the difference is not 
strikingly large. On the basis of the above treatment the ion pair 
reaction has been preferred to the termolecular reaction. 
In solvents where complete dissociation of the ionophore has taken 
place the reaction has been found to be only second order and not third 
order. Yet, if nucleophilic substitution of an alipr.atic carbon atom 
takes place also by a termolecular mechanism it should have been evident. 
Two such instances, where termolecular reaction was possible but not 
experimentally observed are illustrated below. Evans and Sugden1 
found that the exchange of iodine between ethyl iodide and sodium 
iodide in methanol at 25°C. was second order even though the concentration 
of sodium iodide was changed over a factor of 90. (Table 2-XXI). 
There was no evidence of a termolecular reaction. Swart and LeRou:i 
studied the exchange of iodine between methyl iodide and sodium iodide 
in ethanol at 25.2°C. They also found the reaction to be second order 
(Table 4-XXIII). From these it is clear that the termolecular reactions 
of the type of eq_uation (4-38) are not probable and in this investigation 
reaction by paired ions has been taken into consideration. 
1. G.C:.F.v&ns !md S.Sugden, J. Chem. Soc., Z?O (1949). 
2. E.R.Swart and L.J.LeRoux, J. Chem. Soc., 406 (1957). 
TABLE 4-XXIII 
Iodine Exchange between Methyl Iodide and Sodium Iodide in 
Ethanol at 25.2°C. 
20b 
C~I X 103 Nai X 103 k2 X 10 3 
10.50 2.00 22.7 
10.50 4.02 20.5 
10.50 6.00 21.6 
10.50 7.85 21.6 
10.50 9.62 21.4 
Discussion of the Quantities of Activation 
The Arrhenius energy of activation, hed of activation, free energy 
of activation and entropy of activation are shown in Tables 4-XVII and 
4-XVIII. Table 4-XVII shows the quantities of activation for free bro-
mide ion and potassium bromide ion pair. Table 4-XVIII shows the free 
energy of activation for bromide ion and ion pairs of tetraethylammonium 
bromide and tetrrunetbylamn;onium bromide. 
The heats and entropies of activation are based on kinetic data 
at only two temperatures or three. Data at several more temperatures 
are needed to provide precise values. As such, too much reliance is 
not placed on these quantities. The free energies of activation are 
as reliable as the rate constants, however, and qualitative conclusions 
can be drawn from this quantity. 
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Comparison of the Free Energies of Activation of the Free Ion and 
the Ion Pair 
In the case of potassium bromide the free energies of activation 
for the free ion and the ion pair at 0°C. are 11.52 K.Cal./mole and 13.13 
K.Cal./mole when a= 3.28A0 • 
The standard free energy for the dissociation of KBr ion pair 
(e~. 4-41) is 4.81 K.Cal./mole. 
+ -K + Br (4-41) 
Therefore in the ground state the ion pair lies at a lmrer energy 
level than the free ion by 4.81 K.Cal./mole. The free energy diagram 
for the ground state and the activated complex is of the kind shown in 
Figure 22. In Figure 22 
f =ground state for the free ion (unit 4 in the Fig.) 
p =ground state for the paired ion (unit 0 in the Fig.) 
ACf = free energy level for the activated complex of the 
substrate and the free ion 
ACp = free energy level for the activated complex of the 
substrate and the paired ion. 
The dissociation constant for the activntei! comrlex of the paired 
ion and the substrate can be evaluated as follows: 
.,;::==~ Br• • • .R: · · ·Br --~) RBr + Br- ( 4-42) 
+ -RBr + K Br + -K Br • ••R• • •Br 
td1' from (4-42), Arl = F - - F - - F f f Br.R.Br Br RBr (4-44) 
w 
1-
<( 
z 
0 
0::: 
0 
0 
(.) 
N 
z N 
w 
lLJ 0 ~ a::: 
z :::> 
1-
0 <..!) 
(.) 
<( 
a::: lL. 
0 w 
0 0::: 
(/) u 
> 
z .IJ.. 
-
0 <] u 
1--4: 
u 
4: IJ.. 
lLJ 0 
a::: 
1-
0 
_J 
a.. 
~~-
*" lL. 
<] 
AF·t from (4-43), Ar"; = FK+Br-RBr- FK+Br- - FRBr 
A (A F'l') = AFT - AFT p f 
2D 9 
(4-45) 
(4-46) 
(4-47) From equation (4-41), AFd = FBr- + Fr- Fnr-
AFd- A(AFt) = F~ + ~'Br-.PJlr- FK+BrRBr (4-48) 
+ -
= A Fd for the comnlex K Br •• R •• Br c -
(4-49) 
Equation (4-48) enables one to calculate the dissociation constant for 
the activated complex ion pair. 
TABLE 4-XXIV 
Free Energy Change, Dissociation Constant ~~d Bjerrum's a for 
the Activated Complex Ion Pair at 0°C. 
Ionophore 
KBr 
AFdc Kdc x 103 a 
K.Ca1./mole mole 1:1 A0 
2.7 
6.7 
7.6 
13 
AF' de 
K.Cal./mole 
K' x 103 de 
mole 1:1 
1.15 
2.78 
a' 
<ms)4NBr 2.1 
( C 2Il:; ) 4 ~l1lr2. 9 4.8 11 
3.67 
3.19 
3.02 3.80 9.9 
Note: The unprimed quantities are for the case of a= sum of the ionic 
radii and the primed quantities are for the case of a= q, (19.92Ao.). 
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The a values listed in Table 4-XXIV provide some information 
about the transition state. There is a loosening of the C-Br bond. 
The C-Br bond distance is 1.91 A0 and in compounds where hyperconju-
gation of the Br is possible as in p-ni trobenzyl bromide the bond 
length1 is 1.95 A0 • The K+Br- ion pair distance is 3.28 A0 which leaves 
( ) 0 + -7.6- 3.28+1.95 = 2.37 A for the K Br -c bond formation. On the 
assumption that in the transition state the bond formation has proceeded 
to the same extent as bond breaking the two bromine atoms are (2.37+1.95)/2 
= 2.16 A0 away from the site of substitution. This indicates that the 
C-Br bond has already become loose in the transition state. For 
tetrametnylammonium bromide ion pair, the bond loosening is greater 
(average C-Br distance in the transition state = 3.8 A0 ) than for 
potassium bromide ion pair which is in agreement with its greater re-
activity. The tetraethylammonium bromide ion pair should produce an 
even greater C-Br bond loosening than tetramethylammonium bromide in 
the transition state but the a value indicates that the average C-Br 
distance is only 2.1 A0 The a value is very sensitive to the value of 
Kdc whose precision is not very high. 
The other set of values (a•) show a different picture. If Jllr+Br-
distance is 19.92 A0 then the transition state must have its bonds 
compressed for all the ionophores studied. But the compression between 
+ - . M Br may be greater thus causing C-Br bond loosenLng. It is not possible 
to predict hov far the compression has proceeded. 
1. L.Pauling, W.Gordy and J.H.Saylor, J. Am. Chem. Soc.,£!, 1753 
(1942) 
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Ion Pairs in Conductivity and Kinetics 
The electrolytes that were used in the bromine exchange were all 
ionophores. The force between the ions is coulombic even in the solid 
state. The crystal lattices are composed of ions and there is no cova-
lent association of the ions. Bjerrum•s1 theory of ionic association 
applies to ionophores only. According to Bjerrum all counter ions ly-
ing between the distance of closest approach and q are paired. Letter 
q represents the distance at which the probability of two ions of oppo-
site charges being found together is a minimum. The value of q depends 
upon the product DT i.e. the dielectric constant of the solution and 
temperature. The distance of closest approach of the ions a is also 
solvent dependent but it does not change as much as q with the solvent. 
Bjerrum's theory does not define the nature of the ion pairs within the 
distance a to q. These ion pairs may be solvent separated by one or 
more molecules of the solvent. The coulombic force between the ions 
in the ion pairs is not uniform. There is a statistical distribution 
of the ion pairs of different coulombic force within the region a to q. 
Conductivity distinguishes between only two types of particles, 
the ones that transport electricity and the ones that do not transport 
electricity, i.e., ions and associated molecules. It does not distinguish 
between coulombic association and covalent association. It does not also 
1. N.Bjerrum, Kgl. Danske Vidensk. Selskab., 1. No.9 (1926) 
21 2 
tell whether there is one kind of ion pair or several kinds. The ab-
sence of covalency must be ascertained from a study of the cryst~ 
structure and other properties. 
In kinetics, the chemical reactivity of an ion pair has been a 
matter of controversy. The uncertainty arises out of the fact that 
the concentration of ion pairs is not accurately known. In the present 
investigation, making use of thermodynamic dissociation constants and 
activity coefficients the concentrations of the free ions and the ion 
pairs were calculated. The chemical reactivity of the ion pair has been 
definitely established. This poses the question of whether the ion pairs 
which are counted by conductivity are also the ion pairs which are kineti-
cally significant. It has already been stated that Djerrum's ion pairs 
are separated by different distances. So far there was no reason to 
believe that ion pairs counted by conductivity are also the ion pairs 
significant in kinetics. In this investigation the dissociation constants 
-5 -4 -1 of the ionophores were varied from 2.65 x 10 to 21.8 x 10 mole 1. • 
Even so, with all the ionophores the same rate constant for the free ion 
was obtained. The sequence of ion pair rate constants were the same as 
the sequence of the dissociation constants. This is consistent with 
the view that the ion pairs as counted by conductivity are also the 
ion pairs kinetically significant. But this agreement does not in any 
way provide information as to whether there is only one kind of ion 
pair or several kinds. 
ill ; 
The kinetic data is not inconsistent with either Bjerrum's defi-
nition of ion pairs or Fuoss•1 definition of ion pairs. The latter 
defines ion pairs as those in which counter ions are in contact. If 
Bjerrum's model for the ion pairs is accepted then since all ion pairs 
are not identical the chemical reactivity of all ion pairs are also not 
identical. In Bjerrum's model there is a statistical distribution of 
ion pairs with respect to the distance of separation between ions and 
the experimental value for the rate constant of the ion pairs is an 
average value for all ion pairs of different reactivity. The kinetic 
data is not inconsistent with the Bjerrum's model of ion pairs as long 
as the statistical distribution of ion pairs is not a function of the 
concentration of the ionophore. It can be easily proved that such a 
unique distribution of ion pairs with respect to distances of separation 
is indeed given by Bjerrum's treatment. 
According to Bjerrum the probability of finding ani ion at a 
distance r from a j ion is given by equation (4-35). 
. 2/ 2 -3 P = 41TNC exp. -e DrkT r dr x 10 (4-35) 
in which NC is the total number of i ions per liter. The probability 
consists of two terms, 41TNC x 10-3 and exp.(-e2/DrkT) r2dr. The for-
mer term represents the concentration and the latter term determines 
1. R.M.Fuoss, J. Am. Chern. Soc., 15t., 3105 (1958). 
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the distribution of ions with respect to distance, The total probability 
(PT) is given by eq. (4-50). 
+ •••• etc._7 
A change in the concentration of the electrolyte (C) affects the total 
probability but it does not enter into the second term which determines 
the distribution, Hence for a particular electrolyte there is a unique 
distribution which is only determined by the solvent and the temperature, 
At higher concentrations there are larger numbers o:f each kind of ion 
pairs but their relative numbers are not altered, 
Conclusion 
The nucleophilic substitution reaction between p-nitrobenzyl 
82 bromide and MBr has been found to obey the kinetic law 
R = k ..J (RBr)(MBr) + k (1-o(.)(RBr)(MBr) 
e r-- P 
for a number of ionophores i.e, KBr, LiBr, (cH3)4NBr and (c2H5)4NBr. 
The reactivity of the ion pair in nucleophilic substitutions has been 
definitely established, 
The ion pairs counted by conductivity have been shown to be also 
the ion pairs which are kinetically significant, but the data do not 
distinguish between Bjerrum's model of ion pairs and Fuoss' model of 
ion pairs. 
l! l s 
The ion pair rate constants are in the same sequence as the 
dissociation constants for all the ionophores examined. 
The free ion rate constant is not sensitive for the value of a in 
the Debye-Huckel equation for the activity coefficient of the ions. On 
the other hand as a is varied from the sum of the ionic radii to Bjerrum's 
q, the value of the rate constants for the ion pairs progressively increases. 
The probable errors in the rate constants did not indicate a minima and 
thus it was not possible to choose the best value for a. 
Thermodynamic dissociation constants in liquid sulfur dioxide 
were determined experimentally for KBr at 6.23°C. and LiBr at 0.22°C. 
The dissociation constant for KBr in liquid sulfur dioxide at +10.75°C. 
0 0 
was calculated by employing the data between -24.9 C. and 6.23 C. 
Suggestions for Future \Y"ork 
In the present investigation, the kinetics of exchange was studied 
at only three temperatures. Precise values for the activation quanti-
ties were not obtained. It is necessary to continue this work at higher 
temperatures. At temperatures lower than -10°C. p-nitrobenzyl bromide 
starts to crystallize out and it is not convenient to do kinetic runs. 
0 At temperatures greater than +10 C. safety precautions are required. 
The substituents on benzyl bromide can be changed and the effect 
of substituents on the free ion and the ion pair rate constants may be 
investigated. For example, the effect of introduction of more nitro groups 
21 b 
into the benzene ring of p-ni trobenzyl bromide on the rate constants 
is a very interesting study. 
The present inwatigatioa is the sole instance wherein experi-
mental thermodynamic dissociation constants and activit,y coefficients 
have both beem employed to calculate the free ion concentration and 
applied to the study of the kinetics of nucleophilic aubstitution, 
More instances of this kind are needed to establish the reacti vi t,y 
of ion pairs unambiguously. Different systems and solvents can be 
employed to study nucleophilic substitution where ion pairs are 
definitely present. 
Acti vi t,y coefficients must be determined in liquid sulfur di-
oxide for potassium bromide so that a comparison may be IIIB.de vi th the 
values obtained (from the IBM-650 computer) by ftrying the a parameter 
of the Debye-Huckel equation (4-8). Such a treatment for several iono-
phores and in several sol vents may lead to a useful empirical relation-
ship for the value ot a. 
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APPENDIX l 
ELECTROPHORESIS 
Counting of Electrophoresis Paper Strips One Inch in Length 
Serial No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
ll. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
Time of Counting 
Minutes 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
No, of Counts 
(Corrected for Background) 
14 
7 
7 
5 
5 
0 
0 
13 
7 
13 
13 
6 
6 
5 
2 
22 
3007 
215 
3 
14 
2 
2 
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APPENDIX 2 
82 Kinetic Data of the Br Exchange Experiments between 
p-Nitrobenzyl Bromide and MBr, 
The n~ber of counts of water and toluene solutions were 
corrected in each case for background and decay, 
The countings were done in most cases for five minutes, 
The run numbers indicate the sequence in which experiments were 
carried out. 
The sample number indicates the number of the purified 
p-nitrobenzyl bromide sample, When the initial exchange appeared 
to be a little higher than usual, p-nitrobenzyl bromide was freshly 
purified and used. 
R in RBr denotes the p-nitrobenzyl radical, Min -log.M 
denotes [i - (A + B)F/A_7 where A is the concentration of RBr and B 
is the concentration of the ionophore, F is the fraction exchanged 
and has been defined previously. 
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RUN-KNR-.!. 
Sample No. 1 
!lo. of moles of KBr/1. 0.0203 
llo. of moles of IUlr/1. 0.0103 
Temperature of the reaction 0°C. 
No. Seconds Aq.Cts. Tol.Cts. Total FxlOO -Log.l·lxlO 3 
1. 59100 68336 864 69200 1.25 16.4 
2. 105000 48388 1060 49448 2.14 28.5 
3. 105000 44860 903 45760 1.97 26.2 
4. 147300 46204 1267 47471 2.67 35.9 
5. 147300 46700 1298 47998 2.70 36.3 
6. 187680 32064 1105 33169 3.33 46.3 
7. 187680 31628 1116 32744 3.41 45.3 
8. 235500 35418 1538 36956 4.16 58.0 
Sample No. 1 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 1020 44652 
2. 1020 52229 
3. 45360 54455 
4. 86520 32856 
5. 86520 31817 
6. 129840 36417 
7. 129840 33897 
8. 173280 20598 
9. 173280 22786 
Tol.Cts. 
309 
344 
873 
963 
847 
1436 
1202 
1131 
1242 
0.01765 
0.01583 
0°C. 
Total 
44961 
52573 
55328 
33819 
32664 
37853 
35099 
21729 
24028 
FxlOO 
0.69 
0.65 
1.58 
2.85 
2.59 
3.79 
3.42 
5.21 
5.17 
22 0 
-log.MxlO 3 
6.4 
6.0 
14.7 
27.1 
24.6 
36.5 
32.6 
50.6 
50.1 
Sample No. 1 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 810 51236 
2. 810 49799 
3. 58050 38063 
4. 58050 31999 
5. 94620 32025 
6. 94620 30573 
7. 144420 21562 
B. 144420 22038 
9. 179160 20305 
10. 264060 12144 
11. 318360 9490 
12. 352200 8046 
Tol.Cts. 
293 
249 
769 
644 
929 
860 
844 
869 
1014 
861 
816 
750 
0.03137 
0.01686 
0°C. 
Total 
51529 
50048 
38832 
32643 
32954 
31433 
22406 
22907 
21319 
13005 
10306 
8796 
Fx100 
0.57 
0.50 
1.98 
1.97 
2.82 
2.73 
3.77 
3.79 
4.76 
6.62 
7.92 
8.52 
22 1 
-1og.Mx10 3 
5.3 
7.1 
25.3 
25.2 
36.5 
35.3 
49.7 
49.7 
63.5 
91.2 
111.7 
121.5 
Sample No. 1 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
'l'amperature of the reaction 
No. Seconds Aq.Cta. 
1. 480 45672 
2. 480 46006 
3. 57780 42408 
4. 147440 40352 
5. 147440 40292 
6. 316640 14600 
?. 316640 14436 
a. 489660 5700 
9. 489660 5624 
'l'ol.Cta. 
1567 
1663 
2432 
3724 
-,m 
2488 
2429 
1407 
1360 
0.001893 
0.01381 
Total 
47239 
47749 
44840 
44076 
44065 
17088 
16865 
7107 
6984 
Fxl.OO 3 -Log.MJ:J.O 
3.32 16.7 
3.48 17.5 
5.42 27.7 
8.45 44.0 
8.56 44.6 
14.56 79.7 
14.40 77.8 
19.82 111.0 
19.47 108.9 
Sample No. 2 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.cta. 
1. 300 47060 
2. 300 47492 
3. 73300 33490 
4. 73300 32226 
5. 160400 18920 
6. 160400 19028 
Tol.Cts. 
sao 
919 
1357 
1493 
1465 
1434 
0.003486 
0.01531 
Total 
47960 
4S4ll 
34847 
3:m9 
20385 
20462 
' 
FxlOO 
1.84 
1.90 
3.89 
4.43 
7.18 
7.06 
IU 
3 
-Log.Mxl.O 
9.9 
10.3 
22.3 
24.3 
40.1 
39.3 
Sample No. 2 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cta. 
1. 360 106902 
2. 59640 68472 
3. 59640 67178 
4. 146520 44328 
5. 146520 43394 
6. 321180 17870 
7. 321180 17150 
'l'ol.Cts. 
756 
1722 
1882 
2538 
2287 
1795 
1785 
0.005~5 
0.01414 
0°C. 
Total 
107658 
70294 
69060 
46866 
45681 
19654 
18924 
Fxl.OO 
0.70 
2.45 
2.73 
5.41 
5.01 
9.13 
9.43 
2 2 4 
-Log.Mxl.O 3 
4.3 
14.9 
16.4 
33.7 
31.1 
58.8 
60.5 
Sample No.3 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 780 28270 
2. 780 28914 
3. 60480 20070 
4. 60480 19846 
5. 145500 10792 
6. 145500 10850 
7. 318180 4084 
8. 318180 3980 
9. 492360 2808 
10. 492360 2968 
Tol.Cts. 
150 
377 
961 
995 
1185 
1230 
870 
888 
1097 
1059 
o.CXXJ5293 
0.01485 
o0c. 
Total 
28420 
28291 
21031 
20841 
11977 
12080 
4964 
4868 
3905 
4027 
FxlOO 
0.53 
1.29 
4.67 
4.77 
9.89 
10.18 
17.52 
18.24 
28.09 
26.30 
22 s 
-log.MxlO 3 
3.4 
5.5 
21.0 
22.0 
46.8 
48.3 
86.8 
91.0 
149.4 
137.9 
Sample No. :3 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq,Cte. Tol.Cte. 
1. 600 19572 42 
2. 600 19676 25 
'· 
7:3140 12552 467 
4. 7:3140 12600 482 
5. 247:380 47:34 516 
6. 247:380 4854 586 
7. 418200 1666 :348 
8. 418200 17:32 :34:5 
0.001576 
0.01547 
Total 
19614 
19901 
1:5019 
1:5082 
5250 
5440 
2014 
2075 
FxlOO 
0.21 
0.1:3 
:M9 
:3.68 
9.8:3 
10.78 
17.28 
16.5:5 
-Log.MxlO :3 
0.9 
0.7 
17.5 
18.0 
50.0 
55.0 
91.8 
l!r7.2 
Sample No, ~ 
No, of moles of KBr/1. 
No, of moles o! RBr/1. 
Temperature o! the reaction 
No, Seconds Aq.Cts. 
1. 600 1~886 
2. 600 129984 
~. 66000 83854 
4. 66000 86194 
5. 152700 42598 
6. 152700 42104 
7. 2~500 20m 
a. 2~500 22798 
9. ~2900 12928 
10. ~2900 1~22 
11. 414900 5902 
12. 504200 33~ 
0.002100 
0.05136 
Tol,Cts. Total 
471 1~2357 
547 1~~ 
7121 90975 
7745 9~9~9 
12~ 54898 
12135 542~ 
11890 ~2280 
13812 36520 
10045 2297~ 
10065 23007 
5648 11550 
4295 7629 
FxlOO 
0.36 
0.42 
7.83 
8,24 
22.41 
22.'57 
36.83 
'57.82 
4~.72 
4~.59 
48.90 
56.~ 
2 2 7 
~ 
-Log,Mxl.O 
1.6 
1.9 
Yf,O 
~9.0 
115.4 
115.2 
210.4 
217.5 
264.4 
262,8 
~.o 
~3.0 
Sample No. :5 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
l. :500 2TI94 
2. :500 28008 
3· 66000 18140 
4. 66000 18744 
5. 152400 10702 
6. 152400 10626 
7. 2'37600 6886 
a. 2'37600 6730 
1!ol.Cts. 
1096 
1152 
1422 
1348 
1916 
1901 
16'37 
1594 
2 2 8 
0.00009704 
0.01455 
1!otel FxlOO 
' -Log.Mxl.O 
28890 3.79 16.9 
29160 3.95 17.6 
19562 7.27 3:5.0 
20192 6.68 30.5 
12618 15.18 72.1 
12527 15.18 72.1 
852:5 19.20 93.4 
8324 19.15 9:5.4 
Sample No. 4 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq_.Cts. 
1. 180 114390 
2. 180 116798 
3. 152100 50984 
4. 152100 51188 
5. 237900 30344 
6. 237900 31380 
7. 323700 20250 
8. 410100 12150 
9. 410100 12168 
Tol.Cts. 
712 
599 
1409 
1382 
1135 
1169 
935 
739 
782 
0.001946 
0.005143 
0°C. 
Total 
115102 
117397 
52393 
52570 
31479 
32549 
21185 
12889 
12950 
FxlOO 
0.62 
0.51 
2.69 
2.63 
3.61 
3.59 
4.4 
5.73 
6.04 
2 2 9 
-log.MxlO 3 
3.7 
3.1 
16.4 
16.0 
22.2 
22.1 
27.1 
35.7 
37.7 
Sample No. 4 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cta. 
1. 62280 86130 
2. 62280 86220 
3. 322900 16254 
4. 322900 16500 
5. 406900 9946 
6. 494000 6438 
To1.Cta. 
9360 
9110 
3577 
3741 
2592 
1914 
0.0001301 
0.00612 
Total F.xl.OO -Log.M.xJ.03 
95490 9.80 45.8 
95330 9.56 44.6 
19831 18.04 88.4 
20241 18.48 90.8 
12538 20.67 102.9 
8~2 22.92 115.8 
Sample No.4 
No, of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq,Cts. 
1. 300 2048000 
2, 300 1986560 
3. 67200 1098747 
4. 152400 402290 
5. 152400 405600 
6. 238800 444720 
7. 238800 452420 
8, 324540 147145 
9. 324540 144780 
10, 678000 32617 
Tol.Cts, 
1552 
1550 
62320 
41270 
43060 
92700 
90450 
40020 
39560 
21520 
Total FxlOO -log,M:xlO 3 
2049552 0.076 0.5 
1988110 0,078 0.5 
1161067 5.37 33.5 
443560 9.30 59.6 
448660 9.60 61.7 
537420 17.25 117.9 
542870 16.66 113.3 
187165 21.38 151.7 
184340 21.46 152.3 
54137 39.75 345.0 
Sample No. 4 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 300 2461800 
2. 300 2385067 
3. 62940 1658500 
4. 62940 1639167 
5. 236520 296990 
6. 236520 287200 
7. 321600 176055 
a. 406920 96375 
9. 406920 95570 
10. 580000 74338 
11. 580000 73060 
Tol.Cts. 
1580 
1430 
90030 
86600 
49370 
49210 
44290 
29340 
29120 
31480 
30490 
0.04991 
0.05183 
0°C. 
Total 
2463380 
2386497 
1748530 
1725767 
346360 
336410 
220345 
125715 
124690 
105818 
103550 
FxlOO 
0.064 
0.060 
5.15 
5.02 
14.25 
14.63 
20.10 
23.34 
23.35 
29.75 
29.44 
-log.MxlO 3 
0.6 
0.6 
46.3 
45.1 
142.5 
147.0 
217.9 
266.2 
266.3 
380.9 
374.6 
Sample No. 5 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 120 226580 
2. 180 235760 
3. 72180 159300 
4. 72180 154680 
5. 159300 98815 
6. 159300 95490 
7. 334080 36770 
8. 334080 37263 
9. 502200 14395 
Tol.Cts. 
246 
359 
3577 
3506 
4837 
4877 
4076 
4176 
2437 
0.005109 
0.04518 
0 
-10.2 c. 
Total 
226826 
236119 
162877 
158186 
103652 
100367 
40846 
41439 
16832 
FxlOO 
0.11 
0.15 
2.20 
2.22 
4.67 
4.86 
9.98 
10.08 
14.48 
23 J 
-1og.Mxl0 3 
0.5 
0.5 
10.8 
10.9 
23.2 
24.2 
51.2 
51.7 
76.4 
Sample No. 5 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. Tol.Cts. 
1. 300 265080 592 
2. 82140 181110 3375 
3. 82140 178380 3297 
4. 153900 115478 4058 
5. 153900 115598 4151 
6. 325920 46273 3583 
o.w:m5 
0 
-10.2 c. 
Total 
265672 
184485 
181677 
119536 
119749 
49586 
FxlOO 
0.22 
1.83 
1.82 
3.40 
3.47 
7.19 
2 3 4 
-log.MxlO 3 
1.2 
10.0 
9.9 
18.7 
19.1 
40.6 
Sample No. 5 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 360 145073 
2. 360 141118 
3. 79320 88913 
4. 79320 90478 
5. 152880 57105 
6. 152880 58175 
7. 326580 21038 
8. 326580 21380 
Tol.Cts. 
380 
526 
2835 
3062 
3193 
3050 
2425 
2484 
0.001339 
0.03246 
0 
-10.2 c. 
Total 
145453 
141664 
9CY748 
93540 
60298 
61225 
23463 
23864 
FxlOO 
0.26 
0.37 
3.13 
3.27 
5.30 
4.98 
10.34 
10.41 
2 3 5 
-log.MxlO 3 
1.2 
1.7 
14.4 
15.0 
24.6 
23.1 
49.3 
49.8 
Sample No. 5 
No. o:f moles o:f KBr/1. 
No. o:f moles o:f RBr/1. 
Temperature o:f the reaction 
No. Seconds Aq.Cts. 
1. 300 101263 
2. 88180 68110 
3. 169200 40215 
4. 248100 22580 
5. 381600 9215 
To1.cta. 
1890 
~39 
3670 
3023 
2172 
0.0001849 
0.02961 
0 
-10.2 c. 
Total 
103153 
71349 
4:5885 
25603 
11387 
Fxl.OO 
1.83 
4.54 
8.36 
11.81 
19.04 
3 
-Log.M:xl.O 
s.o 
20.4 
38.2 
54.9 
92.3 
Sample No. 6 
No. of moles of IBr/1. 
No. ot moles of RBr/1. 
Temperature ot the reaction 
No. Seoonds Aq.Cts. 
1. 1500 180595 
2. 1500 179:50:5 
'· 
56820 1289:50 
4. 14:5700 7985:5 
5. 14:5700 78938 
6. 2CJ7000 46248 
7. 345000 19100 
To1.Cta. 
856 
1204 
:589:5 
6915 
6710 
6034 
3969 
0.0002917 
0.03478 
0 
-10.2 c. 
Total 
181451 
180507 
1:52823 
86768 
85648 
52282 
2:5069 
FxlOO 
0.47 
0.67 
2.93 
7.97 
7.8:5 
11.54 
17.20 
2 3 7 
:5 
-wg.MxJ.o 
2.1 
:5.0 
13.0 
36.4 
:55.7 
5:5.7 
82.7 
Sample No. 9 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. Tol.Cts. 
1. 60 1274325 2450 
2. 70500 715150 81850 
3. 150960 183556 44430 
4. 237780 105392 42930 
5. 325020 52818 30340 
6. 409500 30316 22510 
0.01465 
0.03254 
0 10.75 c. 
Total 
1276775 
797000 
227986 
148322 
83158 
52826 
FxlOO 
0.19 
10.27 
19.49 
28.94 
36.48 
42.61 
-log.l'.xlO 3 
1.2 
70.0 
144.3 
236.3 
327.0 
417.7 
Sample No. 9 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 60 111802 
2. 54300 78263 
3. 136800 39672 
4. 223920 19670 
5. 307620 10657 
Tol.Cts. 
150 
12050 
16300 
14230 
11750 
0.001455 
0.02882 
0 10.75 c. 
Total 
111952 
90283 
55972 
34000 
22407 
FxlOO 
0.13 
13.35 
29.12 
41.85 
52.44 
2 3 9 
-log.JI'.xlO 3 
0.6 
65.6 
158.5 
251.3 
347.4 
Sample No. 9 
No. of moles of KBr/1. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cta. Tol.Cta. 
1. 60 161450 460 
2. 78420 92923 15750 
3. 149700 56170 18685 
4. 2:56100 30178 17270 
5. 331380 15250 13094 
0.006742 
0 10.75 c. 
Total 
161910 
106674 
74855 
47448 
28344 
FxlOO 
0.28 
14.49 
24.96 
:56.40 
46.20 
-Log.Mxl.O 3 
1.4 
83.0 
154.8 
249.7 
351.5 
lill!i-KNR.~ 
Sample No. 9 
No. of moles of KBr/1. 0.0005022 
No. of moles of RBr/1. O.OV'57 
Temperature of the reaction 0 10.75 c. 
No. Seconds Aq.Cts. Tol.Cta. Total FxlOO -Log .1-lxlO 3 
1. 60 7114 ff7 8201 1.06 4.7 
2. 54600 '5702 2134 11836 18.03 88.0 
3. 84600 7017 2289 9306 24.60 125.1 
4. 225420 2209 2193 4402 49.82 3(17.3 
2!, 2 
111l!!-!!lli-i4. 
Sample No. 10 
No. of moles of KBr/1. 0.003946 
No. of moles of RBr/1. 0.03344 
Temperature of the reaction 0 10.75 c. 
No. Seconds Aq.Cts. Tol.Cts. Total FxlOO -Log.Mxl.O 3 
1. 60 85000 236 85316 0.28 1.3 
2. 77700 45150 8900 54050 16.47 88.3 
3. 157800 25642 10900 36542 29.83 176.2 
4. 243720 13847 9797 23644 41.44 270.2 
5. 286200 9700 8028 17728 45.28 306.5 
Sample No, 6 
No. of moles of (c2~)4NBr/l. 
No, of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. Tol.cts. Total Fxl.OO ·Log.lf:dO :5 
1. 600 454740 8594. 46:5:5:54 1.85 10.7 
2. 600 425260 11770 4:570:50 2.69 15.2 
:5. 68400 146865 19770 1666:55 11.86 7:5.6 
4. 68400 149480 20:550 1698:50 11.98 74.4 
5. 145500 8:5:540 24060 107400 22.40 151.4 
6. 145500 85875 24870 110745 22.46 151.8 
7. 2:51000 48110 2:5445 71555 :52.77 244.6 
8, 2:51000 47:570 22685 70055 :52.:58 240.7 
9. :527600 24590 17455 42045 41.52 :542.5 
Sample .ll'o. 7 
.llo. of 110lea of (c2Hs) 4NBr/l. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.C1:s. 
1. 420 81460 
2. 420 78080 
'· 
72120 50:585 
4. 72120 49635 
5. 158400 27055 
6. 158400 28610 
7. 261300 22163 
0.004562 
o.o~ 
Tol. eta. To1:al. 
672 821:52 
1042 79122 
7062 57447 
71:52 56767 
8670 35725 
8810 37420 
13733 35896 
FxlOO 
0.82 
1.32 
12.29 
12.56 
24.27 
23.54 
38.26 
:5 
-Log.M%10 
4.1 
6.6 
66.3 
67.8 
142.4 
137.4 
252.4 
2 ~ 5 
Sample No. 7 
No. of moles of (CA)4NBr/l. 0.001299 
No. of moles of RBr/1. 0.03880 
Temperature of the reaction 
No. Seconds Aq.Cts. Tol.Cts. Total Fxl.OO ' -Log.Mxl.O 
1. 420 251705 1021 252726 0.4 1.9 
2. 84:500 46095 10610 56705 18.71 9:5.3 
3. 84:500 44565 10270 548:55 18.7:5 9:5.4 
4. 172800 19050 11725 ?;1:1775 :58.10 217.1 
5. 172800 19420 12380 :51800 :58.9:5 22:5.:5 
6. 240180 10520 11028 21548 48.82 :5<)4.8 
7. 240180 10860 11050 21910 49.57 :511.7 
e. 421500 5675 119:50 17605 67.76 522.9 
Sample Bo. 7 
No. of mo1ea of (c2SS)4NBr/l. 
No. of moles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cta. 
1. 180 105935 
2. 180 105405 
3. 76500 35285 
4. 76500 35365 
5. 148200 25783 
6. 148200 23468 
7. 218580 20305 
8, 218580 23360 
9. 314700 9402 
Tol.Cta. 
1434 
979 
9183 
9533 
12920 
11542 
15250 
17640 
12580 
0.0004063 
0.04121 
Total FxlOO 
107369 1.34 
106384 0.92 
44468 20.65 
44898 21.23 
3870:5 33.38 
35010 32.97 
35555 42.89 
41000 43.02 
21982 57o23 
-Log.Mxl.O 3 
5.9 
4.1 
101.5 
104.8 
178.5 
175.9 
246.3 
247.6 
YT4.7 
247 
Salap1e No, B 
lfo. of 1101ea of (cA)4HBr/1. 
No. of mo1ea of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.cta. To1.Cta. Total FxlOO -Log,Mxl.O ' 
1. :300 504975 256:3 5075:38 0.51 
'·' 
2. :300 476:350 :3451 479001 0,72 5.4 
'· 
66900 :327175 :34755 :5619:30 9.60 77.9 
4. 66900 :307795 :32780 :340575 9.62 77.9 
5. 16:3800 158:3:30 :39890 196220 20,12 182.6 
6. 16:3800 158720 40870 198690 20.57 187.7 
7. 326700 41600 20900 62580 :3:3.5:3 :568.6 
B. :326700 42220 21:380 6:5600 :3:3.62 '370.2 
,llil!-KNR-38 
Sample No. 8 
No. of moles of (c2~)4NBr/l. 0.0001045 
No. of moles of RBr/1. 0.03571 
Temperature of the reaction 0°C. 
No. Seconds Aq.Cts. Tol.Cts, Total FxlOO -Log.MxlO 3 
1. 300 58475 498 58973 0.84 3.6 
2. 300 57240 513 57753 0.89 3.9 
3. 56220 23450 3586 27036 13.26 62.0 
4. 56220 23270 3609 26879 13.43 62.8 
5. 128200 13255 4912 18167 27.04 137.4 
6. 128200 12600 4488 17008 26.26 132.7 
7. 214800 6692 4354 11046 39.42 218.6 
a. 214800 7042 4840 11882 40.73 228.0 
Sample No. 10 
No. of moles of <ca,)4NBr/l. 
No. of moles of RBr/1. 
'lempersture ot the reaction 
No. Seconds Aq.Cts. 
1. 180 118713 
2. 61560 68TI5 
3. 156540 32980 
4. 239040 18893 
5. 324900 10305 
!ol.cte. 
441 
9347 
12270 
11260 
9264 
0.004717 
0.03950 
i'otel 
118953 
77682 
45250 
:!l0153 
19569 
F%1.00 
0.2 
12.03 
27.16 
37.34 
47.34 
-log.lb:l.03 
1.0 
62.8 
157.3 
235.0 
328.0 
Sample No. 10 
No. of moles of ( mr,> 4BBr/l. 
No. ot aoles of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 180 75578 
2. 676120 42960 
:5. 161280 22:550 
4. 244800 12:595 
5. :527120 6'11'3 
To1.Cts. 
189 
56:51 
74:54 
6582 
5297 
0.001772 
0.03141 
'l'otsl 
75767 
47591 
29784 
18977 
12270 
hl.OO 
0.25 
11.8:5 
24.96 
:54.68 
4'3.17 
25 0 
-1og.Mxl.0:5 
1.1 
58.0 
1:52.9 
196.2 
264.4 
Sample No. 10 
No. of moles of ( mr,) 4Nllr/l. 
lfo. of moles of liBr/1. 
Temperature of the reaction 
No. 
1. 
2. 
4. 
Seconds 
120 
83280 
166740 
251880 
Aq.Cts 
106480 
66068 
:56918 
21520 
0.009217 
0.0~53 
Tol.Cts. Total Fxl.OO 
260 106740 0.24 
9130 75198 12.14 
10050 46968 21.40 
9~5 30035 30.21 
3 
-log.MxlO 
1.2 
70.2 
132.5 
201.5 
~52 
D-i&-lQ. 
Sample No. 10 
lio. ot moles ot (~)4llllr/l. 0.0005643 
No. ot moles ot RBr/1. 0.02851 
Telllperature ot the reaction 0°C. 
No. Seconds Aq.cts. Tol.cts. Total Fxl.OO -log.Mxl.O 3 
1. 120 41373 113 41486 o.n 1.2 
2. 65100 24838 3152 27990 11.26 53.0 
3. 151860 13335 4072 17407 23.39 118.3 
4. 229320 7955 3881 11836 32.79 176.8 
Sample No. 10 
No. of moles of (CBJ)4nr/l. 
No. of moles of RBr/1. 
Teaperature of the reaction 
No. 
1. 
2. 
3. 
4. 
Seconds 
180 
53700 
142140 
206680 
Aq.Cts. 
311968 
207045 
117205 
76195 
0.02125 
Tol. Cts. 'l'otal FxlOO 
330 312298 0.11 
15270 222315 6.fr7 
22920 140125 16.36 
21550 9fr745 21.82 
25 3 
3 
-log.Mxl.O 
0.90 
53.80 
141.10 
200.60 
Sample No. 10 
No. of 11101es of Li.Br/1. 
No. of 11101es of RBr/1. 
Temperature of the reaction 
No. Seconds Aq.Cts. 
1. 300 m2 
2. 70200 674 
3. 94800 1280 
4. 160200 865 
39 28ll 1.39 6.1 
55 729 7.54 34.2 
130 1410 9.22 42.3 
159 1024 15.53 72.7 
25 5 
APPENDIX 3 
CONDUCTIVITY OF LITHIUM BROI'!IDE IN LIQUID SULFUR DIOXIDE 
0 AT 0.22 C. 
v k X 106 A 6 kso x 10 
-1 mhos-em. -1 2 -1 2 -1 1.mo1e mhos-em.mo1e mhos-em. 
RUN-KNR-1 
5515 11.46 63.2 O.Cfl 
15522 5.89 91.4- O.Cfl 
il.UN-KNR-2 
7631 9.39 71.2 O.Cfl 
21009 4.94 102.4 O.Cfl 
RUN-KNR-3 
6214 10.74 66.4 0.25 
17204 5.43 93.3 0.25 
RUN-KNR-4 
5919 10.97 64.9 0.17 
16249 5.65 91.8 0.17 
RUN-KNR-5 
10643 7.52 80.0 0.10 
RUN-KNR-6 
4602 12.96 59.7 0.09 
12631 6.80 85.9 0.09 
RUN-Kll'R-7 
8218 8.98 73.3 0.06 
22582 4.66 103.9 0.06 
RUN-KNR-8 
6638 10.30 68.4 0.135 
17689 5.57 96.0 0.135 
2 5 b 
CONDUCTIVITY OF POTASSIUM BROMIDE III LIQUID SULFUR DIOXIDE 
AT 6.23°C, 
v k X 106 A. 6 kso x 10 
-1 mhos-em. -1 2 -1 2 -1 1.mo1e mhos-cm.mo1e mhos-em. 
RU.N-IrnR-9 
1466 68.87 101.0 0.05 
4000 34.78 139.1 0.05 
10917 16.63 181.6 0.05 
29793 7.49 223.2 0,05 
mm-IrnR-10 
1327 72.23 97.1 0.11 
3642 36.73 133.8 0.11 
10007 17.85 178.6 0.11 
27496 7.74 212.9 0.11 
RU.N-IrnR-11 
1750 60.99 106.7 0.11 
4821 30.23 145.8 o.u 
13300 14.01 186.3 0.11 
36723 6.08 223.3 0.11 
RU.N-IrnR-12 
3317 39.48 131.0 0.20 
9237 18.72 173.0 0,20 
25753 8.27 212.8 0.20 
In Appendix 3 the specific conductivi~J k has been corrected for 
sol vent conductance for both the compounds, potassium bromide and lithium 
bromide. 
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APPENDIX 4 
Dielectric Constants at 25°C. of Some UsefUl Solvents 
Solvent D 
Water 78.54 
Methanol 31.5 
Ethanol 24.3 
t-Butanol 9.9 
Acetone 19.1 
Acetone 90'% 24.0 
Dioxane 2.1 
2S 8 
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ABSTRACT 
The influence of the counter ion on the reactivity 
of a nucleophilic anion has not been extensively inves-
tigated. A survey of the literature shows that there 
is some evidence that the reactivity of the ionic nu-
cleophile is modified by ionic association. This prob-
lem is intimately connected with the relationship between 
ion pairs which are counted by conductivity and ion pairs 
which are kinetically significant. 
The dissociation constants for a number of iono-
phores are known in liquid sulfur dioxide at several 
temperatures and it is a good ionizing solvent. Accord-
ingly, the exchange of radiobromine between p-nitrobenzyl 
bromide and ionic bromides was studied in liquid sulfur 
dioxide (Eq. 1). 
Potassium bromide, tetramethylammonium bromide and 
tetraethylammonium bromide were employed as ionophores. 
The kinetic role of ion pairing was evaluated by vary-
ing the concentration of the ionophore over wide limits. 
The kinetic law governing the reaction was estab-
lished by applying equations (2) to (5). In these equa-
tions (RBr) represents the concentration of p-nitrobenzyl 
bromide and (MBr)s is the stoichiometric concentration 
of the ionophore. 
Re = k1 (RBr) (2) 
Re = k2(RBr)(I1Br)s (3) 
Re = kf(RBr)(Br-) + kp(RBr)(M+Br-) (4) 
Re = k1 (RBr) + kf(RBr)(Br-) + kp(RBr)(M+Br-) (5) 
The data are not consistent with eq. (2) or (3). 
The value of ~ in eq. (2) decreased by a factor of 95 
corresponding to a 314 fold decrease in the concentration 
of potassium bromide at 0°C. The value of k2 in equa-
tion (3) increased four times for a 500 fold decrease 
in the concentration of potassium bromide. 
In order to apply eq. (4) or (5), concentrations 
of free ions and paired ions are required. The degrees 
of dissociation ( c< ) were calculated from eq. ( 6). 
(6) 
Kd is the dissociation constant and y+ is the mean molar 
2&1 
activity coefficient of the ions. The activity coeffi-
cient was calculated by means of the Debye-Huckel equa-
tion (7). 
- log. y+ (7) 
In eq. (7), D, T and a are the dielectric constant, 
absolute temperature and the distance of closest ap-
proach of the ions respectively. The values of olwere 
determined by an iterative procedure employing the sum 
of the ionic radii as well as Bjerrum's q (Eq. 8) for a. 
(8) 
The data obtained with KBr at 0°0. yielded, on analysis 
with the aid of eq. (5), a negligible value of k1 • Equa-
tion (4) gave the best fit. The rate constants derived 
from eq. (4) for all the ionophores are given in Table 1. 
The dissociation constants for potassium bromide 
at +6.23°0. and for lithium bromide at 0.22°0. were 
determined by conductance measurements. The dissociation 
constant for potassium bromide at +10.75°0. was 
TABLE 1 
Rate Constants for the Exchance F~eaction1 between 
p-Nitrobenzyl Bromide and ¥ffir82 
in Liquid Sulfur Dioxide 
Temp. l•IBr l05k l05k l05k· l05k 1 104K f p f p d 
oc. -1 -1 l.mole sec. -1 -1 l.mole sec. mole 
+10.75 KBr 23.5 2.04 22.9 2.80 0.96 
o.oo KBr 7.93 0.41 7.45 0.90 1.43 
-10.20 KBr 2.47 -0.02 2.42 0.11 2.09 
o.oo (CH3) 4NBr 7.25 1.27 6.88 2.89 11.8 
0.00 7.09 3.13 7.06 4.11 21.4 
o.oo 
(C 2H~) 4NJ3r 
LiBr (7.40) 0.0 (7.13) 0.28 0.265 
1. The unprimed quantities are for a (the Debye-
Huckel distance of closest approach of ions) = sum of 
the ionic radii, 3.28 A0 for KBr, 5.25 A0 for tetra-
methylammonium bromide, 6.8 A0 for tetraethylammonium 
bromide and 2.55 A0 for LiBr. The primed ~uantities 
are for a= Bjerrum's q, 20.5 A0 at +10.75 C., 19.92 A0 
at ooc. and 19.23 A0 at -10.2ooc. 
2. For LiBr, only one run was carried out and 
kf was equal to the average of the values found 11i th 
potassium bromide, tetramethylammonium bromide and 
tetraethylammonium bromide; kp Has then determined 
from experimental data. 
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calculated from values between -24.9°C. and +6.23°C. 
using the least squares procedure. 
The rate constant for the free ion at 0°C. is 
the same for the three ionophores for which it was 
measured but the rate constants for the paired ions 
parallel the sequence of dissociation constants. 
The results in Table 1 support the view that the 
ion pairs which are counted by conductivity are also 
the ion pairs which are kinetically significant. 
The effect of varying the a parameter of the 
Debye-Huckel equation for the activity coefficient of 
an ion was explored by using values of a between 0 and 
30 A0 • for all the ionophores at 0°C. For purposes of 
computation an IBM-650 digital computer was employed. 
The results did not indicate a best choice of a. 
